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PREFACE 


Ferrites in the form of MFe 204 (M = Ni^"", Co^"", Cu^"", etc.) have 
received great attention owing to their importance to electronic 
industries. The emerging markets are trending for portable electronic 
devices, such as notebook computers and mobile phones, and their 
development trend of being small, light-weight, and flexible have brought 
about an ever rising and urgent demand for eco-friendly electrochemical 
energy storage and conversion systems, including batteries, fuel cells, 
capacitors, and supercapacitors. In these ferrite based supercapacitors 
include nickel ferrite, cobalt ferrite and nickel cobalt ferrite found greater 
attraction because of their high specific capacitance, non-toxic, eco- 
friendly, cheap and better stability. 

The aim of the present work is to prepare and characterization of 
nano composites involving nickel ferrite, cobalt ferrite and nickel cobalt 
ferrite using co-precipitation method. The entire study of the thesis has 
been divided into seven chapters. The introductory chapter focuses on the 
nanomaterials, various approaches in synthesizing nanomaterials, ferrites 
and the different types of spinel ferrites. 

The second chapter makes a comprehensive review of the literature 
regarding the nanoferrites selected for the present investigation. 

The third chapter deals with the principle and instrumentation of 
Thermo Gravimetric Differential Analysis (TG/DTA), Fourier Transform 
Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Field Emission 
Scanning Electron Microscope (FESEM), Energy-dispersive X-ray 
spectroscopy (EDX), Field Emission Transmission Electron Microscope 
(FETEM), Cyclic Voltammetry (CV) and X-ray Photoelectron 
Spectroscopy (XPS). 

The fourth chapter discusses synthesize of NiFejO^ nano particles 
by co-precipitation method with citrate as chelating agent. TG/DT 
analysis was carried out from 35 °C to 850 °C based on this, the 
synthesized materials were calcinated at different temperatures such as 
400 °C, 600 °C and 800 °C and further characterized by using XRD and 
FTIR. The NiFe 204 nano particles calcinated at 600 °C were characterized 
by using FESEM with EDAX, FETEM with SAED pattern, DLS zeta 
Potential, CV and XPS. The formation of single phase nanosized nickel 
ferrite was investigated by XRD and the particle size linearly increased 
with the temperatures was noticed. The functional groups present in the 
sample is identified by using FTIR analysis. The surface morphology of 
NiFe 204 studied by FESEM was cubic spinel structure and it was 



confirmed by FETEM. The elements identified in the NiEeaO^ 
nanoparticles from EDAX analysis were Ee, Ni and O. Stability of the 
particle was analyzed through zeta potential study. XPS analysis reveals 
that the synthesized compound exist in multiple oxidation state. 
Capacitance value of 421 Eg'^ was observed from CV study and it was 
suitable for super capacitance application. 

The fifth chapter details how Cobalt ferrite (CoEe204) nanoparticles 
were produced by a facile novel co-precipitation method with citrate as 
chelating agent. Based on TG/DT analysis the synthesized cobalt ferrite 
nanoparticles were calcinated at 400 °C, 600 °C and 800 °C and 
characterized by using XRD and ETIR. Erom XRD, it confirms that 
CoEe204 nano particles belongs to spinel type lattice having space group 
Ed3m. The CoEe204 nano particles calcinated at 600 °C were further 
characterized by using EESEM with EDAX, EETEM with SAED pattern, 
XPS, DLS Zeta Potential, CV and XPS. The functional groups present in 
the synthesized cobalt ferrite sample are identified by using ETIR analysis. 
The linear relationship between particle size and calcination temperatures 
of CoEe204 nanoparticles was observed. The surface morphology of 
CoEe204 studied through EESEM and EETEM specifies that the particles 
are found to be crystalline, and are in cubic shape. EDAX analysis revealed 
the presence of Co, Ee and O. XPS analysis confirms the synthesized 
nanoparticles exist in multiple oxidation states. Zeta potential exposes the 
good stability of the prepared CoPe204 nanoparticles. Capacitance value 
609 Eg'" was observed for the scanning rate of zmVs'^ from the CV study 
and concluded that it is suitable for super capacitor application. 

The sixth chapter deals with the synthesis and characterization of 
Nii_xCoxFe204 (x = 0.3, 0.5, 0.7) by co-precipitation method using citrate as 
chelating agent. TG/DT analysis was done for the as-prepared sample, 
which shows the calcination is essential for the formation of pure nickel 
cobalt ferrite nanoparticles. The synthesized powders were calcinated at 
400 °C, 600 °C and 800 °C for three hours in air and were further 
characterized by using XRD and ETIR. Erom XRD it is confirmed that the 
formation of cubic spinel structure with space group fd3m. The linear 
relationship in between particle size and calcination temperatures of Ni^. 
xCoxFe204 nanoparticles was observed. The Nii_xCoxFe204 nano particles 
calcinated at 600 °C were then characterized by using EESEM with EDAX, 
EETEM with SAED pattern, DLS Zeta Potential, CV and XPS. The surface 
morphology of Nii_xCoxFe204 analyzed through EESEM and EETEM specify 
that the particles are found to be crystalline and are in cubic shape. EDAX 
analysis disclosed the presence of Ni, Co, Ee and O. Zeta potential depicts 



the good stability of the prepared Nii.xCoxFeaO^ nanoparticles. Higher 
capacitance value of 865 Fg'^ was observed at the scanning rate 2 mVs'^ for 
the sample calcinated at 600 °C, from the CV study it is concluded that it 
can be used for super capacitor application. The presence of multiple 
oxidation state in the synthesized Nii_xCoxFe204 nano particles is 
confirmed by XPS analysis. 

The results obtained by all the techniques are summarized in 
chapter seven. 
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CHAPTER -1 


INTRODUCTION 

1.1 INTRODUCTION OF NANOSCIENCE AND NANOMATERIALS 

Nanoscience research is the study of materials which disclose the 
remarkable properties and functionality owing to the influence of small 
dimension. Nanoscience majorly deals with synthesis of nanoparticles, 
characterization, exploration, and exploitation of nanostructured 
materials. These materials can be generally characterized by at least one 
dimension in the nanometer range. Nanomaterials are explained as 
materials having primary particle. 

The nanoparticles are of various shapes such as spheres, rods, 
whiskers, or have any variety of irregular shape. The structure and 
properties of materials vary with the grain size of nanometer range are 
research areas of considerable interest over the past few decades. 
Revolution in materials science and engineering is taking place for 
discovering approaches to pattern and characterize the materials at the 
nanometer length scale. Development of new materials having better 
electrical, optical, magnetic and mechanical properties are rapidly being 
developed for use in information technology, bio-engineering, and energy 
and some environmental applications. On nanoscale, the electrical, 
optical and magnetic properties can differ significantly from those of the 
bulk counterparts. 

Nanomaterials are of having size dependent properties which 
results unique behavior relative to the materials which are composed of 
larger particles. Nanomaterials can retain its size dependent properties 
even the primary particles get agglomerate or aggregate. Agglomerate as a 
group of particles which are held together because of weak force which 
may get break into smaller particles while processing. Aggregate has 
explained as a group of particles that are bound together on behave of 
strong forces or bonds which are not easily breakable. As per the scientific 
knowledge the material composed of larger size particles cannot be 
applied to nanomaterials and it is insufficient to predict the nature of 
nanomaterials. Moreover, as the particle size gets decreased the surface to 
volume ratio of the material gets increased. Which means nanomaterials 
can have high surface to volume ratios, with a large percent of total atoms 
present on the surface. The applications of the nanomaterials become 
tremendous for high surface to volume ratio. 
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1.2 Methods involving in preparation op nanomaterials 

The greater challenge for the researchers in preparation of 
nanomaterials is well-defined with size and shape. There were enormous 
techniques have been employed to achieve this. In general there were two 
approaches for the nanomaterials synthesis, one is top-down approach 
and other is bottom-up approach. The schematic diagram of both 
approaches is shown in Fig. i.i. 



Fig. 1.1. SCHEMATIC DIAGRAM OP TOP-DOWN AND BOTTOM-UP METHOD 

Attrition or milling is a typical top-down method in synthesizing 
nanoparticles, whereas the colloidal dispersion is typical example for 
bottom-up method. Top-down approach is mainly generated from the 
macro-scale to the nanoscale. They mostly rely on physical attributes in 
processing the combination of chemical, electrical or thermal treatment. 
Top-down approach mainly includes the methods such as milling, 
lithography, laser ablation, sputtering etc. On the other hand, the bottom- 
up approaches are generally synthesized and processed from atomic or 
molecular state to the nanoscale range. For which a thorough 
understanding is necessary regarding the individual molecular structure, 
their assemblies and their dynamic behavior [Palaniappan et a/., (2009)]. 
Lithography might be considered as a hybrid approach, because the 
growth of thin films is bottom-up however etching is top-down, although 
nanolithography and nano-manipulation are commonly a bottom-up 
approach. Both approaches play very important roles in modern era and 
most likely in nanotechnology as well. Sol-gel, co-precipitation, electrical 
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deposition, self-alignment, chemical vapor deposition, atomic layer 
deposition etc., [Gleick, (2002)] which comes under bottom-up approach. 
New trend in researchers is combining both top-down and bottom-up 
approach for developing a new hybrid technique for innovative 
applications. 

1.3 Mechanism of Growth 

Nucleation generally occurs over sometime with constant monomer 
concentration. Ultimately the surface growth of clusters initiates to occur 
which depletes the monomer supply. The nucleation will end when the 
monomer concentration falls below the critical level of nucleation. A 
greater understating regarding the growth process of nanocrystal is 
essential. Since the greater surface to volume ratio in nanoparticles, it is 
observed that surface extra energy becomes more important in very small 
particles, constituting a non-negligible percentage of the total energy. 
Therefore for a solution which is initially not in thermodynamic 
equilibrium, a mechanism that allows the formation of large particles at 
the cost of smaller particles reduces the surface energy and hence plays a 
vital role in the formation of nanocrystals. Ostwald ripening process is the 
coarsening effect controlled by either mass transport or diffusion. In 
which diffusion limited Ostwald ripening process is the most 
predominant growth mechanism [Lifshitz et al, 1961; Wagner et ah, 1961]. 

Normally the diffusion process will dominate the surface energy of 
the nanoparticles. Another driving force in formation is interfacial energy 
which is the energy associated with an interface due to differences 
between the chemical potential of atoms in an interfacial region and 
atoms in neighboring bulk phases. For a solid species existing at a solid- 
liquid interface, the chemical potential of a particle increases with 
decreasing particle size whereas the equilibrium solute concentration for 
a small particle is much larger than for a large particle, as defined by the 
Gibbs-Thompson equation [Jackson et al., 1990]. The subsequent 
concentration gradients prime to the transport of the solute from the 
smaller particles into larger particles. The equilibrium concentration of 
the nanocrystal in the liquid phase is reliant on the local curvature of the 
solid phase. Alterations in the local equilibrium concentrations, due to 
variations in curvature, set up concentration gradients and provide the 
driving force for the growth of larger particles at the expense of smaller 
particles (Sugimoto, 1987; Rao et ah, 2007). 
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1.4 Nanoscience as a driving eorce eor nanotechnology 

The word nano becomes common in between researchers for 
exploring new materials having size in the range between i-ioo nm at least 
in one dimension. One nanometer (nm) is one billionth of a meter, or lo” 
^m. One nanometer is approximately the length corresponding to lo 
hydrogen or 5 silicon atoms aligned in a line. In nanoscale range the 
nanomaterials will exhibit different physical and chemical properties 
when compared to its bulk nature this is due to its specific particle size. 
For example the quantum dots which are of size 5-ionm will exhibit 
different colours while altering its size. The nanomaterials are categorized 
according to their dimensions as shown in Table 1 and Fig.1.2. 

Table 1: Nanomaterial Dimension and Nanomaterial Types 


Nanomaterial Dimension 

Nanomaterial Type 

All the 3 dimensions < 100 nm 

Nanoshells, nanorings, 
microcapsules 

Two dimensions < 100 nm 

Nanotubes, fibres, 

nanowires 

One dimension< 100 nm 

Thin films, layers and 
coatings 

Zero dimension 2-10 nm 

Quantum dots 


Fig. 1.2. 



Graphical Representation oe Nanomaterial Dimension 
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Zero dimensional (o-D) nanomaterials have nano-dimensions in all 
the three directions. The metallic nanoparticles including gold and silver 
nanoparticles and semiconductor such as quantam dots are the perfect 
example of this kind [Wang et ah, (2008)]. Most of these o-D 
nanoparticles are spherical in size and the diameter of these particles will 
be within the range of 2-10 nm. The term “cluster” used to designate small 
nanoparticles with sizes less than 1 nm which comes under o-D 
nanoparticles. Clusters have sizes of less than mm, and spherical form and 
have particular applicability in the field of semiconductors, catalysis, 
capacitance and electro-catalysis [Gleiter, (1995)]. 

One dimension (i-D) of the nanostructure is of outside the 
nanometer range in length wise. These include nanowires, nanorods, and 
nanotubes [Geim, (2009)]. These materials are of several micrometers in 
length and its diameter of only a few nanometers. Nanowire and 
nanotubes of metaloxides and other materials are few examples of this 
one dimension material. Two dimensions (2-D) are nanomaterials are of 
outside the nanometer range. It includes different kind of nano film such 
as coatings and thin-film-multilayers, nano sheets or nano-walls. In which 
the area of the nano films can be large i.e., several square micrometer 
whereas the thickness is always in nano scale range. In three dimensions 
(3-D) nanomaterial all dimensions of these are outside the nano meter 
range. These include bulk materials composed of the individual blocks 
which are in the nanometer scale (1-100 nm)[Khan et al., (2012)] and 
nanodandelion [Chen et al, (2010)]. The schematic diagram of clusters, 
iD, 2D and 3D is shown in Fig. 3 below. 



Fig. 1.3. Nanoparticle of oD, iD, 2D and 3D 


1.5. Composite Nanomaterials 

Nanocomposite is a multiphase solid material in which one 
of the phases has one, two or three dimensions of <100 nanometers (nm). 
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or structures having nano-scale repeat distances between the different 
phases that make up the material. In a nutshell this means which can 
include porous media, colloids, gels and copolymers, but is more usually 
taken to mean the solid combination of a bulk matrix and nano- 
dimensional phases differing in properties due to variation in structure. 
Compartmentalization of different nanoparticles which allow multiple 
components to be combined within one particle by providing suitable 
environments for each and every individual component [Janczak and 
Aspinwall, (2012)]. The mechanical, electrical, thermal, optical, 
electrochemical, catalytic properties of the nanocomposite will vary 
distinctly from that of the component materials [Novoselova, (2012)]. 
Preparing ferrite based nanocomposite is greater task for attaining 
numerous applications. 

1.6 Introduction of Ferrites 

Ferrites are magnetic materials which have combined electrical and 
magnetic properties. The main constituents of the ferrites are iron oxide 
and metal oxides. The necessary of ferrite material has been known to 
mankind for several centuries prior. For navigation in early twelfth 
centuries the Chinese use lodestones (Fe304) in compasses [Smith and 
Wijin, (1959)]. Later after 1930’s the practical use of ferrites in both 
electrical and magnetic have started. Afterwards it became a passion in 
researchers in finding ferrite based materials with greater applications. 

The crystal structure of spinel ferrite is depends on the cubic close 
packed oxygen and ions. The crystal structure of spinel ferrite has two 
interstitial sites namely tetrahedral (A) and octahedral [B] site in which 
cations with different valence and ionic radii can be incorporated [Smit 
and Wijin, (1959)]. 

1.7 Nano Ferrites 

Nano ferrites are highly sensitive to synthesize method, sintering 
condition, amount of constituent metal oxides, various additives include 
in dopants and impurities [Gadkari et ah, (2009); Gama et a/., (2006); 
Jcoba et ah, (2004)]. It can be used in preparation of transformer cores, 
antenna rods, memory chips, high density magnetic recording media, 
permanent magnets, capacitor, transducers, activators, microwave and 
computer technology etc [Verma et al, (1999); Nakamura et ah, (2003); 
Waqus et a/., (2009)]. In latest fields like drug delivery, magnetic 
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resonance imaging (MRI), catalyst, humidity and gas sensors etc., 
[Rezlescu et .al, (2004); Xing Liu et al, (2008); Raj et al, (1995)] the 
ferrites in nanocrystalline form found greater applications. 

The handling of ferrite materials is important in altering the 
properties as per the desired applications [Melagiriyappa and Jayanan, 
(2009)]. The porosity is most attracted phenomena in ferrites which is 
completely insignificant in metals. This helps us to explain why ferrites 
have been used and studied for several decades. The increasing trends in 
ferrites technology will improve the properties of ferrites and it promises a 
bright future for ferrite technology [Spaldin and Fiebig, (2005)]. 

Generally ferrites are classified into three types 

• Spinel Ferrite (Cubic Ferrite) 

• Hexagonal Ferrite 

• Garnet 


(I) Spinel Ferrite (Cubic Ferrite) 


The mostly used ferrites in the ferrite family are spinel ferrites 
[Valenzuela (2005); Murdock et al, (1992)]. In general the chemical 
composition of spinel ferrite can be written as MFe204 where M is a 
divalent metal ion such as Co^"", Zn^*, Fe^"", Mg^"", Ni^"", Cd^"", Cu^"" or a 
combination of these ions such. The unit cell of spinel ferrite is FCC 
having eight formula units per unit cell. The formula can be rewritten as 
M8Fei6032. The anions are the ultimate and they form an FCC lattice. 
Among these lattices two types of interstitial positions occur and these are 
occupied by the metallic cations. There are 96 interstitial sites in the unit 
cell, 64 tetrahedral (A) and 32 octahedral (B) sites. It is shown in Fig.1.4. 



TETRAHEDRAL HOLC 


Fig.1.4. Structure oe Spinel 
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The spinel ferrite has been further classified into three categories 
due to the distribution of cations on tetrahedral (A) and octahedral (B) 
sites, (a) Normal spinel ferrite (b) Inverse spinel ferrite (c) Intermediate 
spinel ferrite. 

(a): Normal spinel 

Only one kind of cations i.e., Octahedral [B] site then the spinel is 
normal. In these types of ferrites the divalent cations will occupy 
tetrahedral (A) sites while the trivalent cations are on octahedral [B] site. 
Square brackets are normally used to indicate the ionic distribution of the 
octahedral [B] sites. Normal spinel have been denoted by the formula 
[(M^'")a [Me^'"]B04. Where M signify divalent ions and me for trivalent ions. 
A typical example for normal spinel ferrite is NiFe204. Fig.1.5 depicts the 
schematic diagram of normal spinel. 



(b): Inverse spinel 

In this inverse spinel structure half of the trivalent ions occupy 
tetrahedral (A) sites and half octahedral [B] sites, the remaining cations 
being randomly distributed among the octahedral [B] sites. These ferrites 
are represented by the formula (Me^'") a [M^'^Me^'"] BO4. One of the typical 
examples of inverse spinel ferrite is Fe304 in which divalent cations of Fe 
occupy the octahedral [B] sites [Li et al, (2004)]. Fig.1.6 depicts the 
schematic diagram of inverse spinel. 
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(c) Random Spinel 

Spinel with ionic distribution, intermediate between normal and 
inverse are known as mixed spinel e.g. (Mg^'^Mei-5^"" )a Mei+5^'"]B04 ), 

where, 5 is inversion parameter. Where quantity 5 depends on the 
method of preparation and the nature of constituents of ferrites. For 
complete normal spinel ferrite 5 = 1, for complete inverse spinel ferrite 5 
=0, for mixed spinel ferrite, 5 ranges in between these two extreme values. 
For completely mixed ferrite 5 = 1/3. If there is unequal number of each 
kind of cations on octahedral sites, then the spinel is called mixed. Typical 
example of mixed spinel ferrites are MgFe204 and MnFe204. Fig.1.7 depicts 
the schematic diagram of random spinel. 



(II) Hexagonal Ferrite 

Hexa ferrites are hexagonal or rhombohedral ferromagnetic oxides 
with formula MFe^Oig, in which M is an element like barium, lead or 
strontium. In random ferrites, oxygen ions have closed packed in 
hexagonal crystal structure. They are broadly used as permanent magnets 
and have high coercivity and are used at very high frequency. Their 
hexagonal ferrite lattice is related to the spinel structure with closely 
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packed oxygen ions, but there are also metal ions at some layers with the 
same ionic radii as that of oxygen ions. The hexagonal ferrites have larger 
ions than that of garnet ferrite and are formed by the replacement of 
oxygen ions. Most of these larger ions are barium, strontium or lead. 

(Ill) Garnets 

The general formulas for the unit cell of a pure iron garnet have 
eight formula units of M3Fe50i2, in which M is the trivalent rare earth ions 
(Y, Gd, Dy) [Gatelyte et al, (2011), Srivastava et al, (1997) and Kambale et 
al, (2011)] In which their cell shape is cubic and the edge length is about 
12.5 A and they have complex crystal structure. They are important owing 
to their applications in memory structure. 

1.8 Introduction of Nickel nanoparticles 

Nickel is generally found in ores and sometimes found free in 
nature. It can be alloyed with tungsten, molybdenum, chromium, iron 
and other metals without much effort. The electronic configuration of 
nickel is given as [Ar] 3d® 45^. The synthesis of nickel nanoparticles has 
received considerable attention because of their extremely applications 
such as electrical, magnetic, thermal, sensor devices, biological and 
chemical properties, catalytic, [Byung keun oh et al, (2006);] especially 
supercapacitor [Baiju Vidhyadharan et ah, (2014); Vijayakumar et al., 
(2013)] properties which did not achieve from those of the bulk materials 
[Dominguez - Crespo et ah, (2009); Wang et ah, (2012); Cordente et ah, 
(2001)]. 

1.9 Introduction of Cobalt nanoparticles 

Cobalt is a Block D, Period 4 element. The morphology of cobalt 
nanoparticles is spherical, and their appearance is a grey or black powder. 
Cobalt nanoparticles possess electric and magnetic properties. The 
electronic configuration of cobalt is given as [Ar] 4s^3d^. Cobalt 
nanoparticles found numerous applications in various fields such as 
micro-electronics, microbatteries, nanowires, catalysis, superconductors, 
electronic ceramics, electrode active materials, enamels, grinding wheels, 
solar energy absorbers, super capacitors etc., [Papis et al., (2009); Zhang et 
al, (2010); Zhao etal, (2015)]. 
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1.10 Introduction of Nickel Ferrites (NiFe 204 ) nano composite 

Metal nanoparticles (Ni,Fe,etc.,) have received considerable 
attention due to their interesting size-dependent optical, electronic, 
magnetic [Willard et al, 2004], thermal [Jiang et a/., 2003], and catalytic 
properties. Making composite of these materials i.e., nickel and ferrite to 
form nickel ferrite nanocomposite has yield much better application 
rather than individual nanoparticles. The ionic radii of Fe^"" is 0.64A and 
for the Ni^"^ is 0.74 A so replacing by one another is simpler task. Nickel 
ferrite (NiFe204) is one of the most prominent spinel ferrite which finds 
applications in the fabrication of soft magnets, super capacitor and low 
loss materials at high frequencies [Mathew et al, (2007) and Fan et al, 
(2009)]. It is known that the interesting electrical and magnetic properties 
of ferrites depend upon the nature of the ions, charges and its distribution 
among tetrahedral (A) and octahedral (B) sites. Nickel ferrite is a typical 
soft ferromagnetic material crystallizing in an entirely inverse and cubic 
spinel structure having all nickel ions located in the B-sites and ferric ions 
occupying both A-sites and B-sites [Salavati Niasari et al, 2009]. The 
compound, thus can be denoted by the formula (Fe^'")A[NT'"Fe^'"]B04^'. 

1.11 Introduction of Cobalt Ferrites (CoFe 204 ) 

Nanosized cobalt has been proposed as an alternative to platinum in 
recent years and might allow the manufacturing of cheaper and more 
durable fuel cells. Cobalt is considered to be the first catalyst made from 
nonprecious metal having properties closely match with those of platinum 
[Yu et al, (2013)]. Cobalt is one of the most important ferromagnetic 
metals owing to its three meta-stable phases with different 
crystallographic structures, namely, the hexagonal closed packed (hep) 
phase, the face-centered cubic (fee) phase, and the epsilon phase 
[Pandey et al, (2012); Lu et al, (2007)]. The ionic radii of Fe^"" is 0.64 A and 
for the Co^"" is 0.78 A making composite of cobalt ferrite nanoparticle is a 
greater task for better applications. Cobalt ferrite (CoFe204) has an 
inverse spinel magnetic material, with a moderate saturation 
magnetization, high coercivity, large magneto-crystalline anisotropy, 
important electrical properties and good mechanical hardness 
[Chandramohan et al, (2011); Pan et al, (2011)]. In the inverse spinel 
structure, all the Co^'" ions occupy the octahedral sites of lattice structure, 
half of the Fe^"" ions also occupy the same sites and the rest of the Fe^"" ions 
stay in tetrahedral sites [Goldman, (2006)]. Also, C03O4 is a significant 
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p-type semiconductor material with spinel structure applied in different 
applications such as gas sensors, electrochemical devices, supercapacitors, 
heterogeneous catalysts, lithium-ion batteries, magnetic materials and 
photo-catalysts [Yan et ah, (2012)]. CoFe204 has rarely been explored as a 
pseudocapacitor. Deng et al, (2012) have reported the preparation and 
electrochemical properties of CoFe204nanorods and nanorings. 

1.12 Introduction of Nickel Cobalt Ferrites (Nii-xCoxFe204) 

As it have gained thorough knowledge regarding nickel ferrite 
composite and cobalt ferrite composite making a composite with these 
combination made nickel cobalt ferrites which give drastic applications 
when compared to the individual one. Even though, nickel-cobalt ferrite 
system is one of the important materials for technological application but 
it is less studied among the whole class of spinel ferrites [Tang et ah, 
(2012)]. Spinel ferrite (Nii_xCoxFe204) is the class of oxide materials with 
remarkable electrical and magnetic properties, which have been 
investigated and applied during the past few years. Among all inverse 
spinel ferrites, the nickel substituted cobalt ferrite has been extensively 
studied in view of their good chemical and thermal stability, capacitance, 
magnetic anisotropy, high coercivity and various exchange interactions 
etc. It has various applications in numerous fields including microwave 
devices [Ashiq et ah, (2009)], recording media [Jung and Kang (2009)], 
magnetic fluids [Huo and Wei, (2009)], gas sensors [Chen et a/., (2010)], 
high density information storage [Koseoglu et a/., (2009)], supercapacitor 
[Bhujun (2016)], ferro-fluids [Sousa et ah, (2002)] and catalysts 
[Ramankutty et a/., (2001)]. 

1.13 Introduction to supercapacitor 

In recent years owing to climate changes and rising depletion of 
fossil fuel which results in much concentration on investigation and 
development of the alternative and renewable sources. When compared 
to other sustainable resources such as sun, wind, water etc., electrical 
energy storage system have played vital role in our daily life because of its 
availability and demand. In which the electrical energy storage systems 
are electrochemical capacitors (ECs) and are capable of delivering a large 
amount of energy in very short response [Conway, (1999)]. ECs have many 
advantages like high power density, high cycle efficiency, fast 
charge/discharge response and long cycle life when compared to normal 
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batteries. Therefore ECs has been regarded as the solution to the 
mismatch between the fast growth for power requirement of the device 
and disability of normal batteries to discharge efficiency at higher rates. 

1.14 Supercapacitor used as power sources 


Supercapacitors have found an increasing number of applications 
that require a ready source of backup energy that can be called on to 
provide short-term power when regular input power is lost. In these 
applications, supercapacitors have several advantages over traditional 
energy storage devices such as batteries, including low maintenance 
requirements, virtually unlimited cycle life, and low effective series 
resistance. For energy storage devices, energy density and power density 
are the two main parameters plays vital role in characterizing the 
performance of the device. The energy density specifies the amount of 
energy stored in a given volume or weight of the material. The power 
density specifies the total energy per second which can be stored in the 
device. The ideal storage device must be characterized by both high 
energy density and high power density. Whereas the normal batteries 
have high energy density but it has poor power density. On the other 
hand the normal capacitors have low energy density but it has high power 
density. Any how the supercapacitors of today’s innovation can have 
greater power density with significant high energy density. The Fig.1.8 
depicts the Rangone plot of various energy storage devices. 



10"* 10’’ 1 10 10* 10’ 

Energy density (\\ h/kg) 


Fig.i.S.RANGONE Plot eor various energy storage and conversion 
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The Rangone plots graphically demonstrate the typical specific 
energy and specific power of energy storage devices and the intermediary 
characteristics of supercapacitors. Supercapacitors are seen as essential 
components for the realization of electric values and similar high power 
electrochemical systems. The schematic diagram Fig.1.9 depicts the 
working principle of capacitor, supercapacitor (ultracapacitor) and 
normal batteries. Comparison of properties of normal batteries and 
electrochemical capacitors is shown in table 2 and some important 
characteristic state of comparison of batteries, supercapacitor and normal 
capacitor is shown in table 3. 


Capacitor Ultracapacitor Battery 



Fig.1.9. SCHEMATIC DIAGRAM OF CAPACITOR, SUPERCAPACITOR 

(ultracapacitor) and normal batteries 

Table 2: Comparison of properties of normal batteries and 

ELECTROCHEMICAL CAPACITORS 


Property 

Battery 

Electrochemical 

Capacitor 

Storage mechanism 

Chemical 

Physical 

Power limitation 

Electrochemical 
reaction kinetics, 

active materials 

conductivity, mass 

transport 

Electrolyte 

conductivity in 

separator and 

electrode pores 

Energy limitation 

Electrode mass (bulk) 

Electrode surface area 

Output voltage 

Approximate 
constant value 

Sloping value - state 
of charge known 
precisely 

Charge rate 

Reaction kinetics, 

mass transport 

Very high, same as 
discharge rate 

Cycle life limitations 

Mechanical stability, 
chemical reversibility 

Side reactions 
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Life limitation 


Thermodynamic 

stability 


Side reactions 


Table 3: Comparison of some important characteristic state of 

BATTERIES, SUPERCAPACITOR AND NORMAL CAPACITOR 


Parameter 
s charge 

time 

Capacitor 

-6 -3 

10 - 10 

(F) 

Super¬ 
capacitor 
1-30 Sec 

Battery 
0.3 - 3 
hrs 

Comparison 
s of 

moderate 
charging 
time 

Discharge 

time 

-6 -3 

10 - 10 ^ 

1-30 

1-4 

Moderate 

discharging 

time 

Energy 

density 

(Wh/Kg) 

<0.12 

1-10 

20 -10 

High energy 
density 

Power 

density 

W/Kg 

10,000 

1000-2000 

50 - 200 

Moderate 

power 

density 

Cycle Life 

>500,000 

>100,000 

500 

2000 

Reasonable 
good cycle 
life 

Charge/disc 

barge 

efficiency 

~ 1.0 

0.9 - 0.96 

0.7 

0.84 

High 

efficiency 


1.15 Electrochemical capacitor 

On the basis of charge storage mechanisms, the electrochemical 
capacitors (ECs) can be categorized into two main types (i) 
Electrochemical double layer capacitor and (ii) Pseudo capacitors. In 
electrochemical double layer capacitors the capacitance evolves from the 
charge separation at the electrode and electrolyte interface whereas in 
pseudo capacitors the charge transfer arising from reversible faradaic 
reaction occurring in the electrode surface. Therefore the electrode 
material is much important in the capacitive behavior of electrochemical 
capacitors (ECs). The main advantage and disadvantages of 
electrochemical double layer capacitor and pseudo capacitors is shown in 
Fig.1.10 and table 4 represents the schematic diagram of supercapacitors. 
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Fig.i.io. Schematic diagram of supercapacitors 


Table 4: Main advantage and disadvantages of electrochemical 

DOUBLE LAYER CAPACITOR AND PSEUDO CAPACITORS 


Electrochemical 
Double layer 

capacitor 

Pseudo Capacitor 

Difference 

Phase angle 90° 

Phase angle 45° 

More transmission 
like behavior 

Low specific energy 
density 

High specific energy 
density 

Good capacity of 
charge storage 

High reversibility 

Moderate 

reversibility 

Reasonably good 

cycle life 

Capacitance remains 
constant with voltage 

Capacitance changes 
with voltage 

Small leakage effect 

Narrow potential 

window (1-3V) 

large potential 

window (1-5V) 

Broad range of 
applications 

High power due to 
good diffusion 

Low power due to 
kinetic limitations 

High diffusion 

resistance 
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1.16 Hybrid capacitor 

In order to attain the full advantage of EDLCs and Pseudo 
capacitors improvements in the overall performance of a device, the third 
type of capacitor was attempted which are called as hybrid capacitors. In 
the hybrid system it renders high power and energy density without 
sacrificing the cycle stability. The energy storage mechanism in hybrid 
systems depends on both faradaic and non-faradaic process. In a hybrid 
system, the electrode configuration are mainly based on either composite 
electrodes or metal oxide materials lead to the benefit of physical and 
chemical charge storage mechanisms together in a single electrode [ Liu et 
al, (2010)]. The coupling of ferrite based material electrodes with pseudo 
capacitors electrodes has gained an immense importance owing to 
substantial enhancement in total capacitance of the device. 

1.17 Applications of super capacitors 

With the emerging of latest technologies and applications having 
challenging power requirements, there is increase interest in 
supercapacitors, either as stand-alone energy-storage devices for high 
power needs or for hybrid supercapacitor-battery systems that 
simultaneously address both power and energy requirements. 

1.18 Aim and Scope of the present work 

• To prepare and characterize nickel ferrite, cobalt ferrite and nickel 
cobalt ferrite nanoparticles via co-precipitation method using 
citrate as chelating agent. 

• TG/DT analysis is carried out to find optimum calcination 
temperature. 

• XRD, XPS, FTIR and EDAX have been used to study the 
characterization of prepared nanoferrites. 

• To study the morphology of the nanoferrites, FESEM and FETEM 
have been employed. 

• To study the electrochemical properties of the prepared sample by 
CV method. 
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CHAPTER - II 


LITERATURE REVIEW 

2 . 1 . NICKEL FERRITE NANOPARTICLES 

Nickel ferrite nano particles have synthesized by Prasad and 
Gajbhiye (1998) using citrate precursor technique and control of solid 
state reactivity. For which nickel nitrate, nitric acid and ferric nitrate is 
taken as precursor. The crystallization of NiFcjO^ takes place above 553 K 
which is evident from a broad exothermic peak around 553 K in TG/DT 
analysis. XRD patterns of the heat treated samples at various 
temperatures clearly indicate the single phase, amorphous spinel ferrite 
formed around 473 K and crystallize completely above 553 K. The 
crystallite size has been determined from the width of the (311) line using 
Scherrer method. The crystallite size varies from 6.72 nm to 29.2 nm with 
heat treatment temperature of 523 K to 973 K. The lattice parameter has 
been found to be a=b=c=8.4372A.The amorphous NiFe204 consists of 
spherical particles with a mean size of 45.5 nm and after crystallization 
the particle size of 36.55 nm which is comparatively smaller and shows the 
uniform distribution. The samples heat treated at higher temperature (673 
K) show bigger particles having mean size 50 nm and the existence of 
chain like clusters of magnetic single domain particles. The reduction in 
the BET surface area is observed after the crystallization above 553K. The 
magnetic and Mossbauer analysis is also carried out which represents 
single domain particles were found to form the linear chain like clusters 
because of strong magnetic dipolar interactions. 

Kim et al., (2000) have studied NiFeaO^ using Mossbauer 
spectroscopy and X-ray diffraction. The crystal was found to have an 
inverse cubic spinel structure. From the X-ray diffraction pattern of 
NiFe204 it could not find any other single diffraction peak of Fe203, NiO, 
and Fe other than NiFe204. The lattice constant at room temperature was 
ao=8.326±o.oo3 A which was determined by using the Nelson-Riley 
function. Mossbauer spectra of NiFe204 was obtained at various absorber 
temperatures from 13 K to the Neel temperature. The Mossbauer spectra 
consisted of two sets of six lines corresponding to Fe""^ at the tetrahedral 
(A) and the octahedral (B) sites. The temperature dependence of the 
magnetic hyperfme fields at Fe nuclei at the tetrahedral (A) and the 
octahedral (B) sites was analyzed by the Neel theory of ferrimagnetism. 
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Fang et al., (2003) have reported NiFeaO^ ultrafme powder with 
high crystallinity has been prepared through a reverse micro emulsion 
route. TGA curve indicate that NiFe204 could be formed above 550 °C 
only. The XRD pattern recorded at room temperature from the precursor 
prepared using above composition (x=o.i2) and calcined at 600 °C for 3 h. 
These peaks are indexed to the cubic NiFcaO^ phase according to the 
standard ICDD PDF (Card No. 10-0325). From the XRD line broadening of 
the (311) peak using the Scherrer equation the crystalline sizes were 
estimated as 11.2 nm, 16.9 nm, and 28.8 nm for the specimens calcined for 
3h at 600 °C, 700 °C, and 800 °C, respectively. The TEM image of powder 
calcined at 600 °C for 3 h reveals that the discrete particles exist in 
polyhedron and average crystallite size ranges around 10-15 nm in 
diameter with high crystallinity. For the magnetic study it is observed that 
when increasing the particle size by elevating the calcinations 
temperature, the magnetic phenomenon becomes unapparent and even 
vanished. 

Yang et al., (2005) have reported NiFe204 nanopaticles were 
prepared by inverse titrating chemical co-precipitation using ferric 
sulphate and nickel chloride as precursor. From TG/DT analysis the pure 
NiFe204 phase was obtained by calcining the dried precipitate above 350 
°C. From the XRD analysis using Scherrer’s equation, the crystallite size of 
the sample calcined at 350, 400, 500, 600, and 700 °C are found to be 9.30, 
11.81,16.90, 23.57, and 39.32 nm respectively. The TEM figures indicate that 
most of them are fine particles. When calcined at 500 °C for 1 h, the 
crystalline oxide particles remain well dispersed. It was also found that 
the particle size increases with increase in sintering temperature. The gas 
sensing property was carried out in which the sensitivity increases with 
increasing calcining temperature in the range of 350-400 °C, and then 
decreases with increasing calcining temperature. 

Zhao et aL, (2007) have synthesized nano-sized nickel ferrite 
(NiEe204) by hydrothermal method at low temperature using nickel 
nitrate and ferric nitrate as precursor. Erom the XRD study it is evident 
that the products are pure NiEe20 because all the diffraction peaks can be 
indexed to NiEe204 and matched well with a cubic crystal structure 
(JCPDS file No. 86-2267) with space group Ed3m. No peaks of any other 
phases or impurities can be observed, confirming the purity of the 
nanoparticles. Using Scherrer’s equation the average size of the Nife204 
particles was 12 nm. from TEM analysis NiEe204 nano particles in the size 
of 5-15 nm can be clearly identified. The electrochemical performance of 
Nif e204 nanoparticles as the anodic material in lithium ion batteries was 
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tested. It was found that the first discharge capacity of the anode made 
from NiFe204 nanoparticles could reach a very high value of 1314 mAhg"\ 
while the discharge capacity decreased to 790.8 mAhg'^ and 709.0 mAhg'^ 
at a current density of 0.2 mAcm'^ after 2 and 3 cycles, respectively. 

Jiang et al., (2008) have synthesized nanostructured NiFeaO^ by a 
simple refluxing route using urea as precipitator, sodium dodecyl benzene 
sulfonate (SDBS) as surfactant template. The phase identification of the 
as-prepared sample was examined by XRD. All of the detectable peaks can 
be readily indexed as NiFe204with an inverse spinel structure, as shown in 
the standard data (JCPDS card no. 86-2267), and no characteristic peaks 
of impurities are detected. 

The broadening nature of the diffraction peaks suggests that the as- 
prepared sample is very small in dimension. Using Debye-Scherrer 
formula the average size of particles is estimated to be about 18.5 nm. The 
morphology and particle sizes of the as-prepared sample were determined 
by SEM and TEM. The SEM micrograph indicates that sphere-like NiEe204 
nanostructures obtained by this method are uniform in both morphology 
and particle size. The typical TEM image indicates that the NiEe204 is 
spherical with the particle sizes in the range of 15-20 nm. 

The electron diffraction rings corresponding to NiEe204 are indexed 
as cubic spinel structure, which is consistent with the results of XRD. In 
order to investigate the effects of surfactant on the structure and 
morphology of NiEe204 nanoparticles, a contrast experiment was carried 
out in the absence of sodium dodecyl benzene sulfonate (SDBS). The 
resulted sample show irregular morphology with size distribution from 10 
to 30 nm. The magnetic properties of the sample were also measured by 
using a superconducting quantum interference device (SQUID) 
magnetometer. 

Maaz et al., (2009) have reported nickel ferrite (NiEe204) 
nanoparticles have been synthesized by co-precipitation route using 
stable ferric and nickel salts with sodium hydroxide as the precipitating 
agent and oleic acid as the surfactant. The X-ray diffraction pattern of the 
sample annealed at 1000 °C shows that the final product is cubic NiEe204 
with average crystallite size of ~28nm. The XRD peaks were compared to 
the standard PDE card number 742081 for inverse cubic nickel ferrite. The 
average sizes of the particles annealed at 600, 700, 800, 900 and 1000 °C 
for loh were found to be 8, 11, 18, 24 and 28±3nm using the standard 
Debye-Scherrer formula. The high- resolution TEM images of the same 
sample annealed at 1000 °C for loh reveals that most of the particles 
appear spherical in shape. The selected area electron diffraction (SAED) 
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analysis of the sample indicating that the nanoparticles prepared are 
crystalline. Magnetic characterization of the particles was performed by 
vibrating sample magnetometer (VSM). 

Srivastava et aL, (2009) have reported nickel ferrite (NiFe204) 
nanostructures have been synthesized by sol-gel method using glycolic 
acid as a chelating agent. Glycolic acid acts as a fuel, which decomposes 
the metal complexes at low temperature and yields impurity free NiFe204 
nanocrystalline structures. From TG/DT analysis it has been observed that 
NiFe204 synthesized by citric acid as the chelating agent the complete 
thermal decomposition of the gel take place over 600 °C. The bands 
occurred at 717 and 593cm“^ corresponds to Ni-O and Fe-O bonds 
respectively and the wide band around 3430cm“^ is corresponds to the 
hydroxyl group from the FTIR analysis confirms the presence of NiFe204 
nanoparticles. The structural characterization of calcined powder was 
performed by XRD analysis. All the diffraction peaks of the synthesized 
particles match well with the reported values in standard JCPDS file 
no.:io-325. The particle size of NiFe204 nanoparticles was calculated using 
the Scherrer’s relation and it was found to be i6-32nm. The lattice 
parameter of NiFe204 are calculated to be, a=b=c=o.84i72±o.00261. The 
XRD result also reveals that the nanocrystal contains single phase spinel 
structure with Fd3m space group. FESEM images shows that the prepared 
samples were uniform and almost spherical structural morphology with a 
narrow size distribution. The energy band gap of the synthesized NiEe204 
nanocrystalline structure was calculated to be~5eV. The optical studies 
show a direct allowed transition in NiEe204 nanostructures. 

Jacob and Khadar (2010) have reported the single crystalline 
nickel ferrite NiEe204 which has an inverse spinel structure is reported to 
exhibit a mixed spinel structure when its grain size is reduced to 
nanometer range. Nanoparticles of NiEe204 were synthesized by a co¬ 
precipitation method, nickel nitrate and ferric nitrate as precursor. XRD 
patterns of the nanostructured samples show broad peaks indicating the 
fine grain size of the samples. The peaks observed in the spectra agreed 
closely with the data in the International Center for Diffraction Data (card 
number 10-325) for Nik0204 indicating that the samples synthesized were 
nanoparticles of pure NiEe204. Room temperature Mossbauer spectra of 
the nanostructured NiEe204 samples are found to be average grain sizes of 
13 and 51 nm. Mossbauer study of the smallest and largest grain-sized 
samples revealed surface spin canting and change in coordination of the 
iron ions at tetrahedral and octahedral sites with reduction in grain size. 
FTIR and micro-Raman spectroscopic studies also yielded convincing 
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evidence for a transformation of the structure. The results of the present 
study lead to the inference that the properties of nanosized 
NiFe204particle emerged from a transformation of their structure from 
inverse spinel structure to mixed spinel. 

The NiFe204 ceramic powders prepared by combustion synthesis 
and sol-gel methods by Anwar et aL, (2011) using ferric nitrate and nickel 
nitrate as precursor. The TG/DT analysis reveals the optimum 
temperature as 400 °C since there is no considerable weight loss beyond 
that indicating the formation of nickel ferrite. The powder XRD patterns 
of NiFe204 matched well with the standard pattern available in the data 
base of joint committee on powder diffraction standards (JCPDS 10-0325). 
The calculated cubic lattice parameter values in the synthesized samples 
are almost same [8.340(1) A] which are in good agreement with the value 
of the standard NiFe204 (8.339 A).SEM images show that the ferrite 
powders contain uneven morphology consisting of a large smooth area 
with no evidence of any intergranular phase. 

Electrochemical performance of these electrode materials as 
investigated by cyclic voltammetry (CV) and the corresponding specific 
capacitance (SC) values were also reported. Eurther they observed specific 
capacitance value of Nife204 depends on the morphology which can be 
controlled by the synthesis method adopted. In addition NiEe204 
synthesized by sol-gel method exhibited a specific capacitance of 97.5 Eg"^ 
which is higher than that of the NiEe204 obtained through other synthesis 
methods. 

Senthilkumar et aL, (2011) have reported the submicron-sized 
NiEe204 particles were synthesized by the molten salt method at 900 °C 
using binary melts of a NaCl and KCl mixture that acts as a flux. The X-ray 
diffraction pattern confirmed the single phase, high crystalline and cubic 
structure of NiEe204 with fd3m space group. The diffraction peak 
obtained are in very good agreement with the reported values (JCPDS 
card No. 44-1485). In ETIR study the high frequency absorption band is 
at 552.3 cm“\ and a lower frequency absorption band V2 is in the range of 
400-415 cm“\ The high frequency absorption band Vi is assigned to the 
stretching vibration of the tetrahedral metal oxygen bond while the lower 
frequency absorption band V2 is attributed to the metal oxygen vibrations 
in the octahedral sites. The ETIR spectra reveal the stretching vibration of 
octahedral complexes of Ee^"" to 0^“ through the observed band around 
552.3 cm“\The SEM and TEM image had indicated the formation of 
submicron-sized NiEe204 particles. The electrical conductivity of 1.42 x 
10“^ S cm“^ was observed at 873 K. The NiEe204 showed a pseudocapacitive 
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property in i M of a LiC104 electrolyte and exhibited a specific capacitance 
of 18.5 Fg“^ at 
10 mVs“\ 

Anju Ahlawat et al., (2011) have reported super-paramagnetic 
nickel ferrite single phase nanoparticles by the sol-gel auto-combustion 
method using nickel nitrate, ferric nitrate and citric acid as precursor. As 
prepared powder was further calcined at different temperatures for 4 h, 
resulting in nanoparticles of bigger size. The XRD analysis reveals that 
the sample having space group Fd3m and of inverse spinel structure. The 
average crystallite size of ~9nm have been synthesized at a low 
temperature 220 °C. The nanoparticles exhibited super-paramagnetic 
behavior and changes in cation distribution as revealed by the Mossbauer, 
Raman and X-ray diffraction studies. The Mossbauer spectra collected at 5 
K and under 5T applied magnetic field showed mixed spinel structure and 
canted spin order for the nanoparticles, whereas there is collinear spin 
order with inverse spinel structure for larger particles. The vibrational 
spectra of the nanoparticles showed a redshift and broadening in the 
Raman line shape due to confinement effects. 

Al-Hoshan et al., (2012) have reported that the electro catalysis of 
oxygen evolution reaction (OER) has been studied at the face centered 
cubic (FCC) NixFe3_x04 (o < x < 1.0) anodes in iM KOH solutions at 25 °C. 
These oxides were synthesized by the hydrothermal method and 
reproduced in the form of film on a nickel support by an oxide-slurry 
painting technique. The effect of Ni substitution in the base oxide (Fe304) 
was investigated with regards to morphology, structure and catalytic 
performance by some sophisticated techniques. SEM micrographs of 
NiEe204 oxide powders, sintered at 400 °C for 8 h revealed that oxide 
particles have an octahedron shape with conspicuous crystal faces and 
inhomogeneous grain size. Erom IR spectra the frequency bands v, at 577 
cm'^ and V2 at 457 cm'" revealed the formation of pure spinel ferrites phase 
with two sub-lattices tetrahedral (A-site) and octahedral (B-site) sites. The 
diffractograms exhibited X-ray lines corresponding to the spinel phase. 
The XRD patterns showed cubic lattice with a space group of Ed3m. The 
obtained diffraction peaks well matched with the standard data (JCPDS 
No. 44-1485; a = 0.8339 rini) confirmed the formed product is pure 
NiEe204. The crystallite size was found to be 13 nm using standard scherrer 
formula. 

Liu et al., (2013) have synthesized nanocrystalline spinel NiEe204 
nanoparticles by a novel low temperature route using nickel chloride and 
ferric chloride as precursor. Erom TG/DT analysis it reveals that when the 
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temperature is raised up to 350 °C, the weight of the sample is constant, 
which indicates the precursor burned completely and forming the final 
product. NiFe204 was obtained by burning the precursor after 350 °C. The 
XRD patterns of the powders calcined for 8 h at different temperatures 
were carried out. The main peaks of NiFe204 powder start to appear after 
calcination at 350 °C. This is in agreement with the TGA data. With the 
increase of the synthesis temperature, the diffraction peaks become 
sharper and narrower, indicating the increased crystallinity. The 
diffraction peaks can be indexed to NiFe204 (JCPDS Card # 10-0325). The 
average particle size of the sample was obtained by using Scherrer 
formula. FTIR bands of solid are generally assigned to clarify vibration of 
ions of tetrahedral and octahedral complexes of spinel structures. The 
absorption band at 596.8 cm'" corresponds to stretching vibration of 
tetrahedral groups Fe-O. The absorption band at 400.0 cm'" is attributed 
to the vibrations of octahedral groups Fe-O. The last two strong 
absorption bands are characteristic of inverse spinel ferrites. The different 
values are due to the different distances of Fe^'"-0^' for octahedral and 
tetrahedral sites. TEM image reveals that the particles are spherical in 
shape. The chemical composition and states of the NiFe204 calcined at 
700 °C was found by using XPS analysis and it confirms that the sample 
consists only of nickel, iron, carbon and oxygen elements. The 
electrochemical reaction mechanism and charge-discharge mechanism of 
the nanocrystalline NiFe204 were proposed based on thermo gravimetric 
analysis (TGA) and cyclic Voltammetry study. The charge-discharge tests 
indicated that the sample calcined at 700 °C shows the highest initial 
discharge capacity is 1400 mAhg " attributed to the nanometer size and 
the better crystallinity of the powder. A discharge capacity stabilizes at 
about 600 mAhg " after 10 cycles. The columbic efficiency is improved. The 
synthesis method is relatively low cost and convenient for large- scale 
production. 

Khosravi sand Eftekhar (2013) have reported that the spinel-type 
NiEe204 nanoparticles have been fabricated by sol-gel method using 
nickel nitrate, ferric nitrate and ethylene glycol as precursor. Erom DTA 
analysis no obvious change was observed above 700 °C. Hence, it is 
possible to conclude that the calcination temperature is about 700 °C. All 
the diffraction peaks obtained in XRD analysis matched well with the 
standard JCPDS data (Card No.10-0325) confirms the formation of cubic 
(a=3.2499 A) spinel structure of the NiPe204. The particle sizes of NiPe204 
nanoparticles calcinated at 700°C are found to be lynm using the standard 
Scherrer formula. Two main broad metal-oxygen bands are seen in the 
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Far-IR spectra of all spinels and ferrites in particular the highest one, 
generally observed in 510 cm“^corresponds to intrinsic stretching 
vibrations of the metal at the tetrahedral site whereas the Vj, lowest band 
usually observed in 338 cm“^ which is assigned to octahedral metal 
stretching. From TEM image, the morphology of nanoparticles is found to 
be homogeneous and the spinel nanoparticles consist of uniform quasi 
spherical crystallites with an average size of 17 nm. Moreover the NiFe204 
can be a promising surface material to remove azo dye from water over a 
wide range of dye concentrations is studied. 

Thakur et aL, (2015) have reported the synthesis of NiFe204 by co¬ 
precipitation method using nickel chloride and ferric chloride as 
precursor. The XRD pattern confirms the formation of spinel cubic 
structure, which is consistent with the powder diffraction file of 
JCPDS#742 o8i. The different reflection lines in XRD pattern were used for 
obtaining the average particle size using the 

Debye-Scherrer equation and it was found to be ~i5nm. The particle size 
decreased with variation of iron content, while the lattice parameter 
increased with the increase in Fe content. By using VSM technique, a 
significant change in the magnetic properties was observed in NiFe204 
system. 

2.2.COBALT FERRITE NANOPARTICLES 

Cobalt ferrite nanoparticles have synthesized by Pillai and Shah 
(1996) using water-in-oil micro emulsions consisting of water, cetyl tri¬ 
methyl ammonium bromide (surfactant), n-butanol (co-surfactant), and 
n-octane (oil). Precursor hydroxides were precipitated in the aqueous 
cores of water-in-oil micro emulsions and these were then separated and 
calcined to give the CoFe204 nanoparticles. The X-ray diffractogram of the 
calcined powder shows all the peaks for CoFe204 marked by their indices. 
No other peaks or impurities are detected. Therefore, X-ray diffraction 
confirmed the formation of phase pure cobalt ferrite. TEM of the calcined 
particles showed agglomerates of particles and the particle was less than 
50 nm in size. It is evident that growth of particles has taken place during 
calcination to obtain cobalt ferrite. Magnetic measurements were done at 
room temperature by VSM instrument. 

Experimental investigation is to describe the stability of cobalt 
ferrite colloidal spheres, by analyzing the time variation of the optical 
absorbance of the suspensions as a function of pH and magnetic field 
strength by de Vicente et ah, (2000). TEM micrographs demonstrate 
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that the synthesized particles are in spherical in shape. Structural and 
chemical analysis of the particles suggests that they are composed of a 
mixed cobalt-iron ferrite and magnetite. In order to consider all possible 
particle-particle interactions that might be responsible for the observed 
behavior, the classical DLVO theory was extended to include magnetic 
dipole attractions. The electric double layer of the particles was 
characterized by electrophoresis, and it was found that the ferrite colloids 
have an isoelectric point (pHiep, or pH of zero zeta potential, ^ ) of -6.5. 
This is confirmed by stability measurements: the absolute value of the 
initial slope of the absorbance-time curves shows a pronounced maximum 
around pH 7. 

Silva et al., (2004) have synthesized nanocrystalline CoFe204 
powders using metallic nitrates dispersed in aqueous media precipitated 
by stoichiometric amount of NH4OH. In TG analysis above 600 °C no 
weight loss was observed and the crystallization process was finished. XRF 
analyses showed that cobalt ferrites prepared in molar ratio of Fe: Co: 
NH40H:H20 = 2:1:11:11 approached the stoichiometric desired CoFe204. In 
FTIR analysis it is able to found the high-frequency band to the 
tetrahedral group (575 cm'" region) and the low frequency band to 
octahedral group (374 cm'") and it confirmed that the synthesized sample 
as cobalt ferrite. XRD diffractograms reflects the cubic spinel structure 
and the absence of extra peaks evidence the phase purity. The magnetic 
characteristics of CoFe204 powders thermally treated at various 
temperatures were also carried out using VSM. 

XiaohongYang et al., (2005) have prepared the mixed transition- 
metal spinel oxide CoFe204 through a co-precipitation method using ferric 
chloride and cobalt chloride as precursor. All diffraction peaks can XRD 
indexed to a pure cubic phase having space group Fd3m with lattice 
parameter a=8:384 A which matches well with the reported value 
(JCPDS#22 -io86).No foreign phase was detected, ensuring the phase 
purity. 

The SEM analysis reveals that the obtained product is even with a 
particle size of 180 nm. The XPS analysis confirms that the synthesized 
sample only contains core spectra of Co and Fe. The electrochemical 
performances of CoFe204 as active material for lithium ion battery were 
tested in the Teflon cells. It is found that the first discharge capacity is 
close to 882 mAhg " at a current density of o.2mAcm'^, corresponding to 
the reaction of 7.7 Li'" per CoFe204. And the mechanism of the reaction of 
lithium with cobalt ferrite spinel was discussed. 
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Qu et al., (2006) have synthesized cobalt ferrite nanoparticles at 
different temperatures without any subsequent heat treatment using 
cobalt chloride and ferric chloride as precursor. The XRD patterns reveal 
that all peaks correspond to the characteristic peaks of cubic spinel type 
lattice of CoFe204 (JCPDS file No# 22-io86).The average crystallite sizes of 
the cobalt ferrite particles were determined from the full-width at half 
maximum of the (311) peak using the well-known Scherrer equation as 2.4 
nm at 40 °C to 47.4 nm at 100 °C. The morphologies and particle size of 
as-prepared CoFe204 particles synthesized at different reaction 
temperatures were examined by using FESEM and TEM and it was 
confirmed the formation of equiaxial shaped single-phase cubic spinel 
structure and the increase of particle size with the increasing reaction 
temperature. Raman spectra of the samples confirmed the formation of 
CoEe204 nanoparticles. The magnetic measurement also been carried out 
by using VSM. 

Xiao et ah, (2007) have prepared cobalt ferrite (Cofe204) 
nanopowder by a low-temperature, auto-combustion method using cobalt 
nitrate, ferric nitrate and citric acid as precursor. The autocatalytic nature 
of the combustion process of nitrate-citrate gel was investigated by 
TG/DTA measurements. It was observed that no significant weight loss 
beyond 441 °C implies the formation of cobalt ferrite. The metal oxygen 
vibration of the sample was identified by using ETIR analysis, from XRD 
analysis the lattice constant of CoEe204 was calculated from the strongest 
diffraction peak of (311) of as-burnt powder as 8.381 A. The average size of 
as-prepared Cofe204 crystallites was evaluated according to Scherrer’s 
formula based on the obtained XRD data. The calculated average 
crystallite sizes corresponding to as-burnt powder and the samples 
annealed at 400, 600, 800 and 900 °C for 2 h are 22.7, 25.1, 25.2, 41.2 and 
43.1 nm respectively shows the increase of particle size with the increase 
of annealing temperature was noticed, from TEM analysis it could be 
found that all Cof 0204 nanoparticles are in square shape and almost with 
an identical size. The average particle size estimated by statistical method 
is ~2i.3 nm. By using VSM the magnetic properties was also carried out. 

Lavela and Tirado (2007) have prepared Cof e204 nanoparticles by 
a sol-gel process based on vacuum sublimation with citrate precursor. 
This route of synthesis has demonstrated to be effective for the 
preparation of pure phases with a tunable morphology by modifying 
composition, parameters of the precursor synthesis and annealing 
conditions. Aggregated of primary particles were observed for iron 
containing samples annealed over 600 °C. The XRD patterns of Cofe204 
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oxides obtained from different precursors and annealed at 900 °C for 6 h 
shows the presence of CoFe204 nanoparticles. The morphology of the 
CoFe204 nanoparticle were obtained by SEM analysis. CoFe204 obtained 
from a precursor with a M: Cit 1:1 ratio, 0.3M metal concentration and a 
final pH solution equal to seven demonstrated to be able of sustaining 
capacities in an extended cycling. The corresponding oxide annealed at 
1000 °C for 24 h led to a notorious improvement of the cycling 
performance. Values as high as 739 mAhg“^ were achieved after 75 cycles. 
Morphological and magnetic characteristics of cobalt ferrite nanoparticles 
synthesized by Toksha et aL, (2008) using sol-gel auto combustion 
method using nitrates of respective metal ions have studied. The analysis 
of X-ray diffraction pattern of the calcined powder synthesized using this 
route shows that the final product is CoFe204 with the expected inverse 
spinel structure. The value of lattice constant is found to be 8.3731 A ± 
0.004 A. The size of the particles was determined by Scherrer formula 
using most incense (311) peak. The average sizes of the particles calcined 
at 570 °C were found to be 15 nm. By annealing 15 nm particles at 800 °C 
and 900 °C for 10 h, particle sizes of 24 and 28 ± 2 nm were obtained. 
Finally, on further annealing, at 1000 °C for 8 and 12 h, respectively, 32 and 
40 ± 2 nm particles were obtained. A Transmission Electron Microscope 
(TEM) confirmed the formation of single phase cobalt ferrite 
nanoparticles in the range 11 to 40 nm. 

A facile synthetic route of cobalt ferrite nano particles with narrow 
size distribution was reported by Gu et al., (2008). The key feature of this 
method involved a very rapid mixing of reducible metal cations with 
sodium borohydride and simultaneous reduction in a colloid mill, which 
is followed by a slow oxidation in a separate hydrothermal treatment. 
Erom XRD all diffraction peaks can be indexed in a simple cubic lattice, 
and the positions along with relative intensity of peaks match well with 
standard CoEe204 powder diffraction data (JCPDS 22-1086), indicating 
that the obtained products have an Ed3m cubic spinel structure. EDAX 
analysis confirmed that the sample only contains cobalt and ferrite. SEM 
photographs of CoEe204 samples reveal that all samples exhibit a compact 
arrangement of homogeneous nanoparticles with roughly spherical shape. 
In addition, TEM micrographs confirm the nature of uniform particle size. 
A typical HRTEM image of an individual CoEe204 nanocrystal indicates 
inter planar distances of 0.253 nm that are characteristic of (311) spinel 
planes. The above results support the nanocrystalline and monodisperse 
nature of the CoEe204 samples. XPS analysis is carried out and this route 
only should be considered representative of the surface or external layers 
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composition of the synthesized ferrite samples. Magnetic measurement 
was carried out by using vibrating sample magnetometer. 

CoFe204 nanoparticles have prepared by Wang et al., (2008) by co¬ 
precipitation method in 60 °C homogeneous aqueous solution. XRD 
pattern confirmed the presence of cobalt ferrite nanoparticle and it has a 
cubic structure. The lattice parameter “a” had been estimated as 8.381. The 
morphology of the sample was analyzed through SEM analysis which 
confirmed the decreasing of particle size and aggregation increasing of the 
particles is also observed with the increasing of Fe^"" in starting solution. 
Effects of calcination temperatures varying from 400 to 1000 °C on 
structural and magnetic properties of nano-composites formed by cobalt 
ferrite dispersed in the sol-gel silica matrix using tetrakis (2-hydroxyethyl) 
orthosilicate (THEOS) as water-soluble silica precursor have been 
investigated by Gharagozlou (2011). The XRD patterns of the samples 
calcined at different temperatures varying from 400 to 1000 °C suggesting 
that the particles of CoFe204 had been nucleated in the silica matrix. X-ray 
diffraction patterns showed poor crystallinity up to calcination 
temperature of 600 °C. Further the intensity of peaks increases and the 
diffraction peaks become sharper and narrower. This indicates the 
enhancement of the crystallinity which originated from the increment of 
the crystalline volume ratio due to the size enlargement of the nuclei. All 
the diffraction peaks confirmed the formation of the pure single-phase 
cobalt ferrite with the face-centered cubic spinel phase and Fd3m space 
group. The crystallite size of all samples prepared at different calcination 
temperatures estimated from XRD peak broadening using Scherrer’s 
formula. From FTIR the broad band at 1630 cm'^ of the alcogel precursor 
ascribed to the H-O-H bending vibration of the free or absorbed water. 
The band at 1384 cm'" is associated with the antisymmetric NO3 stretching 
vibration arising from the residual nitrate groups in the alcogel. TG/DT 
analysis confirmed that above 300 °C the weight loss is almost negligible 
showing that the majority of the mass loss occurs under 300 °C which 
allows for optimization of the calcination temperature. TEM images and 
selected area electron diffraction (SAED) pattern of the nanocomposites 
calcined at 600 °C and 800 °C indicate that almost spherical cobalt ferrite 
nanoparticles were embedded in the silica network. The average particle 
sizes of the nanocomposites calcined at 600 °C and 800 °C were about 10 
nm and 27 nm, respectively. The magnetic measurement also carried out 
by using vibrating sample magnetometer. 

Jagminas et al., (2013) have reported that the peculiarities of the 
synthesis of cobalt ferrite nanoparticles by complex assisted 
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co-precipitation route under ambient pressure in argon atmosphere and 
under increased pressure conditions. CoxFe3_x04 nanoparticles with “x” 
from 0.3 to 1.0 in size of 1-20 nm were fabricated. The impact of the 
solution composition and reaction conditions on the size and 
stoichiometry of cobalt ferrite nanoparticles obtained were evaluated. 
AFM and TEM observations of the obtained ferrites indicated that the 
particles made in all investigated solutions are spherical. In XRD, all 
diffraction peaks matched well with the standard data International 
Centre Diffraction Data card number 04-005-7078 and confirmed the 
presence of cobalt ferrite nanoparticles. Hydrodynamic size of cobalt 
ferrite nanoparticles in water upon the rinsing, centrifugation and 
neutralization steps is discussed. Also it was found that ultrafme cobalt 
ferrite nanoparticles are especially stable during storage in water for 
months and can be successfully applied for magnetic resonance 
imagining. 

Nanocrystalline cobalt ferrite powder has been synthesized by 
Kumar et ah, (2013) employing co-precipitation methods using cobalt 
nitrate, ferric nitrate and citric acid as precursor. Typical FESEM image of 
the sample annealed at 800 °C shows that the particles have an almost 
homogeneous distribution, and some of them are in agglomerated form. 
The EDAX patterns revealed the presence of Co, Ee, Au, and O elements 
in the sample. All of the diffraction peaks confirmed the formation of the 
pure single-phase cobalt ferrite with the face-centered cubic spinel phase 
and Ed3m space group. Crystallite sizes calculated by Scherrer's formula 
and it revealed that the particle size get increases with increase of 
annealing temperature. Erom ETIR analysis the higher frequency 
absorption band (vj lies in the range 500 to 600 cm“^ and is assigned to 
vibration of the tetrahedral metal complex which consists of a bond 
between metal ion (O-Moct) oxygen ion and the tetrahedral site, and the 
lower frequency absorption band (V2) lies in the range of 400 to 490 cm“^ 
and is assigned to vibration of the octahedral metal complex which 
consists of a bond between metal ion (O-Mxef) oxygen ion and the 
octahedral site. 

Houshiar et al., (2014) have synthesized cobalt ferrite (CoEeaO^) 
nanoparticles using three different methods; combustion, co¬ 
precipitation, and precipitation using cobalt nitrate and ferric nitrate as 
precursor. XRD patterns of CoEe204 samples, prepared by combustion, 
co-precipitation and precipitation methods were carried out and by using 
Sherrer’s equation, the average sizes of the crystals were estimated to be 
69.5, 49.5 and 34.7 nm respectively. XRD pattern is in accordance with 
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inverse cubic spinel structure with space group Fd3m which is in 
agreement with JCPDS standard cards no. or-077-0426 with no extra 
phases. The lattice constants in three methods are almost equal and 
which is good agreement with the reported in literatures for cobalt ferrite 
(a=8.39 A). The morphology of the sample was carried out by SEM and 
TEM analysis. VSM data of samples showed a saturation point in the 
magnetic field of less than 15 kOe. 

Shanmugavani et ah, (2015) have synthesized cobalt ferrite 
nanoparticles by facile combustion method using aspartic acid and 
glycine as fuels. Erom XRD analysis it confirmed that the CoEeaO^ 
particles exhibits expected phase formation with cubic crystal structure. 
The necessary structural (XRD and ETIR), morphological (EESEM and 
TEM) electrical (Cole-Cole plot and Conductance spectra) and magnetic 
(VSM) properties were analyzed. XPS analysis confirmed that the present 
sample as cobalt ferrite, for all the three different pH conditions (5, 7 and 
10) CoPe204 nanoparticles employed as a negative electrode for 
supercapacitors, for positive electrodes, Co(OH)2 and Co2pe(CN)6 
particles are prepared by wet chemical method and studied its structural 
and morphological features. The electrochemical properties revealed that 
the aspartic acid assisted CoPe204 (CA7) negative electrode exhibits an 
enhanced specific capacitance of 758 Eg'^ at 2 mVs'^ in 1 M KOH. Similarly, 
the galvanostatic charge-discharge analysis (GCD) shows a specific 
capacitance of 356 E g'^ at 1 mA cm'^. On the other hand, Co(OH)2 and 
Co2Fe(CN)6 shows the specific capacitance of 932 and 817 Fg'^ at 2 mVs'\ 
respectively. Interestingly, the fabricated asymmetric supercapacitors, 
CoFe204llAC, CoFe204llCo(OH)2 and CoFe204llCo2Fe(CN)6 provides the 
specific capacitance of 339, 127 and 125 Fg"^ at 1 mVs'^ in 1 M KOH, 
respectively. 

Hao et al., (2015) have reported a facile hydrothermal method 
combined with a post solution reaction is developed to synthesize 
interconnected three-dimension (3D) hierarchical Co3_xFex04 ferrite (CF) 
on nickel foam. By controlling the experimental parameters, the 
structures of the products are tailored from nanoflowers to microflowers 
with different sized void interiors. The obtained 3D hierarchical flower¬ 
like CF are characterized by field emission scanning electron microscopy. 
X-ray diffraction, and inductively coupled plasma mass spectrometer 
analysis. The 3D hierarchical flower-like CF-nickel foam with the rational 
structural feature could be used as binder and conductive agent-free 
supercapacitor electrodes directly. Such integrated electrodes exhibit a 
high specific capacitance and well cycling stability when the charge- 
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discharge current density is high. Remarkably, the 3D hierarchical CF 
microflowers exhibit specific capacitance values of yhSFg'^ at a constant 
current density of 6 Ag'\ The CF microflowers also show high charge- 
discharge reversibility with an efficiency of 79.2% after 5000 cycles. 

Nickel Cobalt Ferrite nanoparticles: Nickel cobalt ferrite 
nanoparticles have prepared using aerosol route by Singhal et al., (2005). 
The TEM micrograph of Coo.6Nio.4Fe204 are spherical particles consist of a 
large numbers of small particles held together by interfacial forces which 
are responsible for the spherical shape of larger (agglomerate) particles. 
The diffraction pattern of as-prepared and annealed samples of 
COo.2Nio.8Fe204 are initially amorphous nature and further on increasing 
the annealing temperature, the diffraction peaks become narrower and 
sharper, suggesting the increase in particle size and crystallinity. The 
particle size was calculated from most intense peak (311) using Sherrer 
formula. All the samples were found to be face centered cubic (fee) with 
Fd3m space group. Lattice parameter a’ was found to decrease linearly 
with nickel concentration. Magnetic measurement using VSM was also 
carried out for the sample. 

Nermin Kasapoglu et al., (2007) reported a series of Ni doped 
cobalt ferrite compounds with the formula NixCoi_xFe204 where x=o, 0.2, 
0.4, 0.6, 0.8, and 1.0 were prepared by hydrothermal method and 
subsequently sinter ed/annealed at 600 °C for 3 h. X-ray powder diffraction 
(XRD) patterns of NixCoi_xFe204 (x=o, 0.2, 0.4, 0.6, 0.8, and 1.0) match well 
with the both standard data of pure CoFe204 JCPDS file No: 22-1086 (x = 
o), and pure NiFe204 JCPDS file No: 10-325 (x = i).The values of the lattice 
parameters found for NiFe204 (a = 8.339 A) and for CoFe204 (a = 8.381A) 
agree with those reported in JCPDS card numbers 10-325 and 22-1086, 
respectively. From FTIR study the band v^ generally observed in the range 
600-550 cm“^ corresponds to an intrinsic stretching vibrations of the 
metal at the tetrahedral site, whereas the V2 lowest band, usually observed 
in the range 450-385cm“\ is assigned to octahedral-metal stretching. SEM 
micrographs show a broad size distribution is observed which consists of 
octahedral nano particle with sizes ranging from 30 to 35 nm. ESR signals 
show that when the concentration of Ni^"" increases, the peak to peak line 
width decreases, but the resonance field increases. Based on ESR results, a 
core-shell type of formation was proposed where the core is made up of 
undoped CoEe204 and the shell is NT"" doped CoEe204. 

Maaz et al., (2009) have reported Ni-doped cobalt ferrite [Coi_ 
xNixFe204 (o<x<i)] synthesized by coprecipitation route have been studied 
as a function of doping concentration (x) and particle size. The X-ray 
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diffraction patterns of NiFe204, Nio 5Coo.5Fe204 and CoFe204 annealed at 
600 °C for 6h match well with the standard JCPDS cards (742081 for 
NiFe204 and 791744 for CoFe204). Using Scherrer’s formula for prominent 
(311) peak, the crystallite sizes of all the prepared samples were obtained 
in the range (i8-28±4nm). TEM images it is seen that the nanoparticles 
are composed of different nanograins separated from each other. It is also 
seen that most of the particles appear spherical in shape however few 
elongated particles. The SAED patterns indicate that Co-ferrite, Ni-doped 
cobalt and Ni-ferrite nanoparticles were found in well-crystalline nature. 
By using VSM the magnetic measurements also carried out. 

Binghai Liu et aL, (2008) have reported a detailed study on the 
various magnetic NixCoi_xFe204 prepared by using a mechano-chemical 
process. Both XRD and TEM analysis indicate that the NixCoi_xFe204 
samples annealed at 1000 °C were all well crystalline single spinal phase. 
The particle size get increases with the increase of annealing temperature 
was confirmed by both studies of XRD and TEM. The microstructure and 
magnetic studies indicated that the milling induced high coercivity could 
be ascribed to milling induced stress anisotropy and to the pinning effect. 
A series of cobalt-doped nickel ferrite with composition of 
Ni(i_x)CoxEe204 with “x” ranges from 0.0 to 0.8 (in steps of 0.2) have 
prepared by Kambale et aL, (2009) using standard ceramic technique. 
The confirmation of single-phase formation and structural analysis were 
carried out by employing X-ray diffraction technique. The microstructural 
features were observed by scanning electron microscopy. An infrared 
spectroscopy study shows the presence of absorption bands in the higher 
frequency range around 578 cm“^ (vj and in the lower frequency range 
around 396 cm“" (V2). These observed peaks indicate the presence of 
tetrahedral and octahedral group complexes, respectively, within the 
spinel phase. In an effort to understand the conduction mechanism, 
complex impedance measurements were carried out. The results of 
complex impedance measurements show that as the cobalt concentration 
increases, the total impedances (Z' and Z") decrease. Dielectric 
measurement was also carried out. 

Almeida et aL, (2012) have reported briefly regarding the 
hydrothermal synthesis of COxNii_xFe204 nanoparticles (NPs) from mixed 
EeCl3 / C0CI2 / NiCf precursor solution has been investigated as a 
function of reaction temperature. The diffraction peaks obtained from the 
XRD analysis matches well with the both NiEe204, (JCPDS 10-325) and 
CoPe204 (JCPDS 1-1121), are assigned to the development of crystalline 
NixCoi_xFe204. TEM analysis revealed the morphology of the sample as 


33 



spherical in shape. The EDX confirmed that the synthesized sample only 
contain Ni, Co and Fe. 

Derakhshi et al., (2012) have reported nickel doped cobalt ferrite 
magnetic nanoparticles were synthesized in a homogeneous aqueous 
solution in presence of surfactant by co-precipitation route. The particle 
size was estimated by the full width half maximum (FWHM) of the 
strongest X-ray diffraction (XRD) peak. The average particle size varied in 
the range of 19-32 nm; the particle size was controlled via controlling 
calcination temperature which was in the range of 600 to 900 °C. The 
results showed that a well crystalline single cubic structure of nickel 
doped CoFe204 phase was formed through precipitation precursors at pH 
value of 11. The pH was adjusted by the use of ammonium hydroxide 
solution. The morphology and particle sized of the nickel doped cobalt 
ferrite nanopowders were determined by SFM. It indicate that sphere like 
nickel doped cobalt ferrite nanostructures obtained by co-precipitation 
method are uniform in both morphology and particle size at various 
temperature. 

Gonsalves et al., (2012) have reported nanoparticles of the spinel 
ferrite, CoixNixFe204 (x = o, 0.2, 0.3) have been synthesized by the 
precursor combustion technique. Novel precursors of metal fumarato - 
hydrazinate have been employed to yield the nanosized spinel ferrite. This 
synthetic strategy can be applied to synthesize different ferrites though 
the precursor may need to be chemically modified as per the desired end 
product. The precursor forms nanosize ferrite by way of autocatalytic 
decomposition after its ignition. The chemical analysis, total mass loss, 
and infrared spectral analysis confirms the formation of the complex and 
the formula Coi_xNixFe204 (C4H204)3.6N2H4 (x = o, 0.2, 0.3) has been 
accordingly fixed. The TG/DSC studies of the complex show two-step 
dehydrazination followed by two-step decarboxylation to form single 
phase CoixNixFe204 nanoparticles. This has been confirmed by XRD and 
IR. In FTIR analysis show three absorption bands in the region 3,185-3,350 
cm'^ due to the N-H stretching frequencies. The N-N stretching frequency 
at ~974 cm'^ proves the bidentate bridging nature of the hydrazine ligand. 
The asymmetric and symmetric stretching frequencies of the carboxylate 
ions are seen at -1,585 and 1,383 cm'\ respectively, with the Dm (Vasy-Vsym) 
separation of 202 cm'\ which indicate the monodentate linkage of both 
carboxylate groups in the dianion. The IR data confirms the formation of 
cobalt nickel ferrous fumarato-hydrazinate in all of the complexes. The 
Curie temperature of the samples was found to be comparable with the 
reported values. 
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Sontu et aL, (2014) have synthesized nickel-substituted cobalt 
ferrite nano-particles by self-combustion method using citric acid, nickel 
nitrate, cobalt nitrate and ferric nitrate as precursor. Spinel structure of 
annealed powders of nickel-substituted cobalt ferrite has been confirmed 
by the XRD. All the diffraction peaks of ferrite samples are indexed on the 
basis of the face centered cubic unit cell (JCPDS no. 00-022-1086 for 
CoFe204 and JCPDS no. 00-044-1485 for NiFe204). All the samples are 
found to have Fd3m space group symmetry. The cubic lattice parameter a’ 
is calculated. The particle sizes of the samples fall in a very small range 
from 38 nm to 50 nm. To study the temperature dependent DC 
conductivity the samples are silver coated for a good metallic contact. The 
conductivity study is performed in the temperature range of 300- 600 K. 
Using VSM the magnetic property has been studied. It is shown here that 
the magnetic and electrical properties can be tuned by varying the nickel 
concentration. 

Abdul Gaffoor and Ravinder 2014) have synthesized nano-ferrites 
of the composition Nii_xCoxFe204 (where x=o.o, 0.2, 0.4, 0.6, 0.80 and 1.0) 
at a very low temperature (180 °C) by citrate-gel auto combustion method 
The synthesized powders were sintered at 500 °C for four hours in an air. 
XRD patterns and the crystalline phases were identified by comparison 
with reference data from the JCPDS card No. 742081 for Nickel ferrites 
(NiFe204) and JCPDS card no. 791744 for Cobalt ferrites (CoFe204). The 
XRD patterns of all the cobalt substituted nickel ferrites showed a 
homogeneous single phased cubic spinel belonging to the space group 
Fd3m. All the Braggs reflections have been indexed, which confirmed the 
formation of a well-defined single phase cubic spinel structure without 
any impurity. The strongest reflection has come from (311) plane that 
indicates spinel phase. The lattice parameter was found to increases 
linearly with increasing Co concentration. This linear variation indicates 
that the Ni-Co ferrite system obeys Vegard’s law. The SEM images show 
that the particles have an almost homogeneous distribution, and some of 
them are in agglomerated form. It is evidenced by SEM images that the 
aggregation of particles lies in nano- metric region. The particles were 
observed as uniform grains (in different SEM images) confirming the 
crystalline structure of Ni-Co nanoferrites which were detected by XRD 
study. The elemental analysis of all the Ni-Co nano ferrite samples with 
different compositions was analyzed by Energy Dispersive Spectrometer 
which indicates the elemental and atomic composition in the sample. The 
compounds show the presence of Ni, Co, Ee and O without precipitating 
cations. 
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Velhal et al., (2015) have reported nickel substituted cobalt ferrite 
nanoparticles with composition Coi_xNixFe204 (o<x<i) was synthesized 
using simple, low temperature auto combustion method. For which nickel 
nitrate, cobalt nitrate and ferric nitrate is used as precursor. The X-ray 
diffraction patterns reveal the formation of cubic phase spinel structure. 
All the reflections are in good agreement with the JCPDS card no.22-1086 
and io-0325.The crystallite size varies from 30-44 nm with the nickel 
content. Porous and agglomerated morphology of the bulk sample was 
displayed in the scanning electron microscopy. All the Raman bands are 
consistent with those reported for other cubic inverse spinel ferrite 
structures, which belong to the Fd3m space group. Micro Raman 
spectroscopy reveals continuous shift of Eg and Eg(2) stokes line up to 0.8 
Ni substitution. The dielectric constant and loss tangent decreases with 
frequency, whereas conductivity increases with increase in frequency was 
reported. 

Nirmalesh Naveen and Subramanian Selladurai (2016) have 
reported highly porous nickel cobaltite nanoparticles were synthesized by 
micro combustion technique. X-ray diffraction study reveals the changes 
in phase, crystallinity, and particle size of the prepared samples with 
respect to calcination temperature. Typical porous 3D foam like 
morphology of the materials was identified from the EESEM and HRTEM 
images. BET measurement further confirms the mesoporous nature of the 
samples with high-surface area. Mixed valence state of ions was identified 
from XPS measurements. Electrochemical studies disclose the impact of 
calcination temperature on the electrodes capacitive performance. 3D 
porous morphology of the material allows the complete utilization of 
active material available for the electrolyte ions. NiCo204 calcined at 400 
°C exhibited the maximum specific capacitance of 908 Eg“^ at 5 mV/s scan 
rate among the prepared samples and 90 % capacitance retention at the 
end of 1000 cycles. Impedance study demonstrates the low resistance and 
facile diffusion of electrolyte ions within the material. 

Bhujun et ah, (2016) have reported that the nanocrystallites of 
three mixed ternary transition metal ferrite were prepared by a facile sol 
gel method and adopted as electrode material for super capacitors. The 
phase development of the samples was determined using Eourier 
transform infrared (ETIR) and thermal gravimetric analysis (TG). X-ray 
diffraction (XRD) analysis revealed the formation of a single-phase spinel 
ferrite in CuCoEe204, NiCoEe204 and NiCuEe204. The surface 
characteristics and elemental composition of the nanocomposites have 
been studied by means of EESEM as well as EDS. The electrochemical 
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performance of the nano- materials was evaluated using a two-electrode 
configuration by cyclic voltammetry, electrochemical impedance 
spectroscopy and galvanostatic technique in i M KOH electrolyte and was 
found to be in the order of: CuCoF>NiCoF>NiCuF. A maximum specific 
capacitance of 221 Fg'^ was obtained with CuCoF at a scan rate of 5 mVs'\ 
In addition to an excellent cycling stability, an energy density of 7.9 
kWkg'" was obtained at a current density of 1 Ag"\ The high 
electrochemical performance of nanocomposites obtained indicates that 
these materials are promising electrodes for supercapacitors. 
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CHAPTER - III 


MATERIALS AND METHODS 


3.1. Chemicals 

Nickel nitrate hexa hydrate [Ni (N03)2.6H20], cobalt nitrate hexa 
hydrate [Co (N03)2.6H20], ferric nitrate nono hydrate 
[Fe (N03)2.9H20], citric acid [CeHgOy] and sodium hydroxide [NaOH] 
were purchased from Merck AR grade and used without any further 
purification. Sample preparation and dilutions were made up of ultrapure 
double distilled water. 

3.2. Synthesis of NiEe204 nanoparticles 

For the synthesis of NiFe204 nanoparticles o.iM Ni (N03)2-6H20, 
0.2M Fe (N03)2-9H20 and 0.29M of citric acid (C6H8O7.H2O) were 
dissolved in 20 ml of deionized water individually. Afterwards the solution 
was added one by one respectively with stirring at 650 rpm. Appropriate 
amount of sodium hydroxide (NaOH) was added as precipitating agent to 
preserve the pH value around 9. Then, the dissolved solution was kept 
stirrer for 3h at 80 °C. A dark brown colour precipitate was formed and it 
was thoroughly washed several times using deionized water and acetone. 
Then the precipitate was dried in the oven to form the NiFe204 powder at 
100 °C for 2 hours and then it was calcinated at different temperatures 
such as 400 °C, 600 °C and 800 °C. 

3.3. Synthesis of CoFe204 nanoparticles 

The synthesis of CoFe204 nanoparticles, o.iM Co (N03)2-6H20, 0.2 
M Fe (N03)3-9H20 and 0.29 M of citric acid (CsHsO^) were dissolved in 20 
ml of deionized water independently. Further the solution was added one 
by one respectively with continuous stirring 650 rpm at 80 °C. 
Appropriate amount of sodium hydroxide (NaOH) is added as 
precipitating agent and it is found that the pH value sustains around 9. 
The stirred solution was retained in for 3 h at 80 °C. Dark brown colour 
precipitate was obtained and it was systematically washed numerous 
times using de-ionized water and acetone. Afterwards the precipitate was 
dried in the oven to form the CoFe204 powder at roo °C for 2 hours and 
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then it was calcinated for different temperatures namely 400 °C, 600 °C 
and 800 °C. 

3.4. Synthesis of Nii-xCoxFe204 Nanoparticles 

The preparation of Nii_xCoxFe204nanoparticles, Co (N03)2-6H20, Ni 
(N03)2-6H20, Fe (N03)3-9H20 and citric acid (C6H8O7) were taken as 
precursor. The value “x” has been changed from 0.3, 0.5 and 0.7 to achieve 
different concentrations of nickel and cobalt in nickel cobalt ferrite. 
Desired stoichiometric proportions of all metal nitrates and citric acid 
were weighed and it is dissolved independently each minimum amount 20 
ml of deionized water. Later the whole dissolution, the metal nitrates 
were mixed together to maintain the Ni+Co/Fe ratio of 1:2. Then, the 
aqueous solution of metal nitrate and citric acid was mixed together in 
the molar ratio of 1:3. Subsequently, the entire solution was kept with 
constant stirring for 650 rpm at 8o°C on a hot plate included magnetic 
stirrer. Proper amount of sodium hydroxide (NaOH) is added as 
precipitating agent and it is found that the pH value bears around 9. 
Further, the stirred solution was kept in continues stirrer for 3 h at 80 °C. 
Finally a dark brown colour precipitate was obtained. Acetone and 
de-ionized water was used to wash the attained precipitate numerous 
times systematically. Afterwards, the precipitate was dried in the hot air 
oven for 2 hours at 100 °C to form the NiCoFe204 powder and the samples 
are calcinated at different temperatures such as 400 °C, 600 °C and 800 
°C. 


3.5. Materials Characterization 

3.5.1. Thermo gravimetric Analysis (TGA) 

The thermal properties like heat capacities, the glass transition 
temperature, melting and degradation of macromolecules can be analyzed 
by using thermogravimetry and differential thermal analysis along with 
differential scanning calorimetric (DSC). Thermo gravimetric Analysis 
(TGA) continuously monitors the weight of a sample during isothermal or 
dynamic temperature scans over the range from 30 °C to 1000 °C in an air, 
nitrogen, oxygen, or specialty atmosphere. 
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Working Principle 

Thermo Gravimetric analysis (TGA) technique uses heat to force 
reactions and subsequent physical changes in materials [Liufang Yang et 
ai, (2005)]. TGA provides quantitative measurement of mass change in 
materials associated with transition and thermal degradation. TGA 
records change in mass from dehydration, decomposition, and oxidation 
of a sample with time and temperature. Characteristic thermo-gravimetric 
curves are given for specific materials and chemical compounds due to 
unique sequence from physicochemical reactions occurring over specific 
temperature ranges and heating rates. These unique characteristics are 
related to the molecular structure of the sample. 

3.5.1b Instrumentation 

TGA analyzer consists of a high-precision balance with a pan loaded 
with the sample. The pan is placed in a small electrically heated oven with 
a thermocouple to accurately measure the temperature. The atmosphere 
may be purged with an inert gas to prevent oxidation or other undesired 
reactions. A computer is used to control the instrument. Fig.3.1 shows the 
instrument for TGA. 
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Fig. 3.1. An Instrument for TGA (NETZSCH - STA 449 F3 JUPITER) 
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3.5-ic Analysis ofTGA curve 

TG analysis can be carried out by raising the temperature gradually 
and plotting weight (percentage) against temperature. The temperature in 
many testing methods routinely reaches looo °C or greater, but the oven is 
greatly insulated from the instrument. After the data are obtained, curve 
smoothing and other operations may be done such as to find the exact 
points of inflection. Simultaneous TGA-DTA/DSC measures both heat 
flow and weight changes (TGA) in a material as a function of temperature 
or time in a controlled atmosphere. Simultaneous measurement of these 
two material properties not only improves productivity but also simplifies 
interpretation of the results. The complementary information obtained 
allows differentiation between endothermic and exothermic events which 
have no associated weight loss (e.g., melting and crystallization) and 
those which involve a weight loss (e.g., degradation). Hi-resolution TGA 
technique is often employed to obtain greater accuracy in areas where the 
derivative curve peaks. This is done so that the exact temperature at 
which a peak occurs can be more accurately identified. As many weight 
loss curves look similar, the weight loss curve may require transformation 
before results may be interpreted. A derivative weight loss curve can be 
used to tell the point at which weight loss is most apparent. Again, 
interpretation is limited without further modifications and deconvolution 
of the overlapping peaks may be required. 

3.5.2. Differential Thermal Analysis (DTA) 

Differential thermal analysis (DTA) is a thermo analytic technique. 
The method has been used predominantly for the determination of 
inorganic systems. 

3.5.2a. Working Principle 

In DTA, the material under study and an inert reference (which 
does not go through phase transition in the temperature range of interest) 
are heated (or cooled) under identical conditions, while recording any 
temperature difference between sample and reference. This differential 
temperature is then plotted against time, or against temperature (DTA 
curve or thermo-gram). Changes in the sample, either exothermic or 
endothermic, can be detected relative to the inert reference. Thus, a DTA 
curve provides data on the transformations that have occurred, such as 
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glass-transitions, crystallization, melting and sublimation. Differential 
temperatures can arise between two inert samples when their response to 
the applied heat-treatment may not be identical. So DTA can also be used 
to study thermal properties and phase changes which do not lead to a 
change in enthalpy. 

3.5.2b. Instrumentation 

Apparatus 

The DTA cell consists of mainly four parts: 

i. Sample holder comprising thermocouples, sample containers, and 

a ceramic or metallic block 

ii. Furnace 

iii. Temperature programmer 

iv. Recording system 

The essential requirements of the furnace are that it should provide 
a stable and sufficiently large hot-zone and must be able to respond 
rapidly to commands from the temperature programmer. A temperature 
programmer is essential in order to obtain constant heating rates. The 
recording system must have a low inertia to faithfully reproduce 
variations in the experimental set up. Fig.3.2 shows the experimental set 
up of a DTA cell. 

The sample holder assembly consists of a thermocouple each for the 
sample and reference, surrounded by a block to ensure an even heat 
distribution. The sample is contained in a small crucible designed with an 
indentation on the base to ensure a snug fit over the thermocouple bead. 
The crucible may be made of materials such as pyrex, silica, nickel or 
platinum, depending on the temperature and nature of the tests involved. 
The thermocouples should not be placed in direct contact with the 
sample to avoid contamination and degradation. Metallic blocks are less 
prone to base-line drift when compared with ceramics which contain 
porosity. On the other hand, their high thermal conductivity leads to 
smaller DTA peaks. The sample assembly is isolated against electrical 
interference from the furnace wiring with an earthed sheath, often made 
of platinum-coated ceramic material. The sheath can also be used to 
contain the sample region within a controlled atmosphere or a vacuum. 
During experiments at temperatures in the range 200 to 400 °C, problems 
are encountered in transferring heat uniformly away from the specimen. 
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Fig. 3.2. EXPERIMENTAL SET UP OP A DTA CELL 

These may be mitigated by using thermocouples in the form of flat 
discs to ensure optimum thermal contact with the now flat- bottomed 
sample container, made of aluminium or platinum foil. To ensure 
reproducibility, it is then necessary to ensure that the thermocouple and 
container are consistently located with respect to each other. The effects 
of specimen environment, composition, size and surface-to-volume ratio 
all affect powder decomposition reactions, whereas these particular 
variables may not affect solid-state phase changes. Experiments are 
frequently performed on powders so the resulting data may not be 
representative of bulk samples, where transformations may be controlled 
by the buildup of strain energy. The packing state of any powder sample 
becomes important in decomposition reactions and can lead to large 
variations between apparently identical samples. In some circumstances, 
the rate of heat evolution may be high enough to saturate the response 
capability of the measuring system; it is better than to dilute the test 
sample with inert material. For the measurement of phase transformation 
temperatures, it is advisable to ensure that the peak temperature does not 
vary with sample size. The shape of a DTA peak does depend on sample 
weight and the heating rate used. Lowering the heating rate is roughly 
equivalent to reducing the sample weight; both lead to sharper peaks with 
improved resolution, although this is only useful if the signal to noise 
ratio is not compromised. The influence of heating rate on the peak shape 
and nature can be used to advantage in the study of decomposition 
reactions, but for kinetic analysis it is important to minimize thermal 
gradients by reducing specimen size or heating rate, (ii) Interpretation 
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and presentation of data a simple DTA curve may consist of linear 
portions displaced from the abscissa because the heat capacities and 
thermal conductivities of the test and reference samples are not identical, 
and of peaks corresponding to the evolution or absorption of heat 
following physical or chemical changes in the test sample. The test results 
are a graph of the DTA signal (micro-volts) on the Y-axis plotted versus 
the sample temperature in °C on the X-axis. 

3.5.2d. Instrument details 

Thermo gravimetric analysis (TGA) and differential thermal analysis 
(DTA) studies have been performed using Thermal analyzer (NETZSCH- 
STA 449F3-JUPITER) at a heating rate of 20 °C/min in gas atmosphere. 
This is available at Centralized Instrumentation and Service Laboratory 
(CISL), Department of Physics, Annamalai University, Tamilnadu, India. 

3.5.3. Fourier Transform Infrared Spectroscopy (FTIR) 

3.5.3a. Working Principle 

When infrared light is passed through the sample of a compound, 
some of the frequencies are absorbed while others are transmitted. The 
variation of IR absorbance against frequency gives the IR spectrum. The 
IR spectrum of a compound is essentially the superposition of absorption 
bands of specific functional groups. One of the best features regions can 
be correlated with specific stretching and bending modes of these 
functional groups. Thus, by interpreting the spectrum, it is possible to 
state that whether certain functional groups are present or not. The 
essential features of conventional infrared spectrometer are a source of 
infrared light, a monochromator and a detector. Different radiation 
sources, optical systems and detectors are needed for different regions. 
Grating instrument offer high resolution that permits separation of closely 
spaced absorption band positions, intensities and high scanning speeds 
for a given resolution and noise level. Modern spectrometers have 
attachments that permit speed suppression, scale expansion, repetitive 
scanning and automatic control of slit width and gain which are 
controlled by a microprocessor. 
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3 .5-3b- Working 

The typical FTIR instrument is shown in Fig.3.3. This consists of a 
moving mirror (B), a fixed mirror (A) and a beam splitter. Radiation from 
IR source after collimation is divided into two beams at the beam splitter; 
half of it moving to a fixed mirror and other half to a moving mirror. The 
sample cell is placed in between the interferometer and the detector. 
After reflection the two beams recombined at the beam splitter. For any 
particular wavelength, the beam constructively or destructively interferes 
depending on the difference in optical paths between the two mirrors. 
This signal is amplified at very precise intervals through the mirror scan. 
The resulting signal comprises all the information required to reconstruct 
the spectrum through a mathematical process known as Fourier 
Transform. 

FTIR spectrometer has numerous distinct advantages over 
conventional depressive spectrometers. There is only one moving part 
involved (rotation mirror), which is fixed on a frictionless air bearing, in 
which depression or filtering is not mandatory, since all wavelengths are 
detected throughout the scan. This has the identical signal to noise to 
ratio, as a depressive instrument. 


3.5.3c. Recording of FTIR spectra 


In the present work the FTIR spectra of all the samples were 
recorded using PerkinElmer Spectrum RX 1. The standard resolution in 
the range 4000 to 400 cm'" is ± 1 cm'". The spectrometer possesses auto- 
align energy optimization and dynamically associated interferometer. It is 
built-in with a KBr beam splitter, a detector and a mid-IR source. It 
possesses a wavelength precision of 0.01 cm " and a signal to noise ratio 
20,000:1. 


Mirror 



Detector 


Fig. 3.3. FTIR- Instrument 
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3 .5-3^. Instrument Details 

The FTIR spectra were recorded by using the instrument 
PerkinElmer Spectrum RX i from Instrumentation Centre, St. Joseph’s 
College, Tiruchirapalli, and Tamilnadu, India. 

3.5.4. X-Ray Diffraction (XRD) 

The crystal lattice is a three dimensional array of atoms in space 
with the lattice planes separated by a distance d. When a monochromatic 
X-rays fall on the crystalline surface they are scattered and gives rise to 
interference phenomenon. The diffracted X-rays from various planes with 
integral multiple (n) of wavelength (A) will interfere constructively and 
results in a large output signal at the corresponding angles in the 
spectrum. The diffraction with half integral multiple of wavelength will 
interfere destructively and will cancel each other’s effect. By changing the 
angle ( 0 ) the lattice spacing (d) varies to satisfy the Bragg’s law, as shown 
schematically in Fig.3.4. 


liK'Hknl ray\ Kcncvlod rays 



Fig. 3.4. Bragg’s scattering from lattice planes with spacing “d” with 

THE SAME ANGLE OF INCIDENCE AND THE ANGLE OF REFLECTION. 

XRD pattern plays an important role in determining the lattice 
parameter and the number of planes with various orientations for powder 
samples. The grains in the powder samples are randomly oriented and the 
peak positions are used to identify the planes. The wave length of an X-ray 
source is known and the angle ( 0 ) can be estimated from the XRD spectra 
and hence the lattice spacing (d) can be calculated using Bragg"s law (3.1). 
nA = 2d sin0 ^ (3.1) 
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Since the powder samples used in this study are pure nickel ferrite, 
cobalt ferrite and nickel cobalt ferrite nanoparticles, therefore the lattice 
parameter can be calculated from equation (3.2). The lattice spacing (d) 
can be calculated by using Miller Indices that describes the orientation of 
planes with respect to different crystal axis and the lattice spacing dhufor 
synthesized sample is given by the equation 
a= d™ ^ ( 3 - 2 ) 

Where “a” is the lattice constant and h, k, 1 are the Miller indices along x, 
y, and z-axis respectively. 

3.5.4a. Sample Preparation 

For recording XRD, the samples were coated on the glass substrates. 
The coated samples were allowed to dry and then measured in reflection 
geometry. During the recording of the diffractogram, a narrow slit 0.1 mm 
was used with a scanning speed of 0.02/sec. The sample was firmly 
pressed into aluminum holder, with an area of 10 nm. The diffraction 
patterns were obtained over the 20 value in the region of 10 ° to 80 ° at a 
scan step time of 10 seconds. The estimated error in the lattice parameters 
are of the order of o.oo5A.The experimental pattern was compared with 
patterns obtained from JCPDS database. The average grain size of the film 
can be calculated using the Scherrer"s formula 


D = 


KA. 

3 Coe 0 


(3-3) 


Where,D represents the crystallite size, K (= 0.9) is a constant 
associated to the shape of the crystal, A is the incident wavelength of Cu- 
Ka radiation of the XRD, (3 indicates the peak width at mid-height and h 
is the considered angle in radians, and 0 is the Bragg diffraction angle. 

3.5.4b. Instrument Details 

The X-ray diffraction (XRD) patterns of the powdered samples were 
recorded from Allagappa University, Karaikudi, Tamil Nadu using X'TERT 
PRO (Model no: PW3040/60) diffractometer with 
Cu-Ka radiation (k = 1.5406 A). 

3.5.5. Scanning Electron Microscope (SEM) 


It is high magnification electron microscope where a focused 
electron beam is used to image a specimen. SEM has higher depth of field, 
higher resolution and larger magnification. The beam of electrons is 
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produced by an electron source that can be made of many different 
materials depend upon the nature of the source (like thermo-ionic or field 
emission source). The beam of electrons is then attracted by the anode, 
which is put at higher positive potential. In the case of thermionic source 
there is a cloud of electrons in the vacuum because the electrons are given 
high energy to overcome the work function of material and then 
accelerated by the anode, while for field emission (FE) source the 
electrons are extracted from the material through a high electric field and 
the tunneled electrons are then accelerated by the anode. This beam is 
then passed through a condenser lens to magnify the beam and then to 
make the beam smooth and parallel. The highly scattered electrons from 
the beam are removed through the condenser aperture. The beam is then 
passed through a set of coils that is used for scanning the beam. The 
scanning beam is then passed through the objective lens, which focuses 
the beam further and then the beam is finally passed through the 
objective aperture to remove the high angle scattered electrons as shown 
in Fig.3.5. When the beam hits the sample, it gives rise to electrons 
(secondary, backscattered and Auger electrons) and X-rays and is 
detected by various detectors. All these electrons and X-rays collect 
different information from the sample underneath. For example the 
secondary electrons are used for surface topography; back scattered 
electrons (BSE) have the information about the atomic number and 
surface topology because they interact with the nucleus of the atom. The 
atoms with larger nuclei will yield high BSE. 



Fig. 3.5: Schematic diagram of scanning electron microscope (SEM) 
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When the beam hits the sample, it gives rise to electrons 
(secondary, backscattered and Auger electrons) and X-rays and is 
detected by various detectors. All these electrons and X-rays collect 
different information from the sample. For example the secondary 
electrons are used for surface topography, backscattered electrons (BSE) 
have the information about the atomic number and surface topology 
because they interact with the nucleus of the atom. The atoms with larger 
nuclei will yield high BSE. Auger electrons are used for surface elemental 
composition and the X-rays have information about the elemental 
composition of the bulk of the sample. The SE and BSE are used to image 
the sample and the X-rays and Auger are normally used for spectroscopy. 

3.5.5a. Energy-dispersive X-ray spectroscopy 

It is a technique used for the elemental composition of materials. It 
is based on the principle that when an inner core electron is knocked out 
by electron beam interaction with the sample, an electron from the higher 
energy level jumps to the lower level to occupy the inner shell electron 
space and releases energy, which corresponds to the energy difference 
between the two energy levels. The characteristics X-rays of the element is 
also a form of this energy and is shown schematically in Eig.3.6. Every 
element emits a specific characteristic X-rays and can be used to identify 
which specific element is actually present in the specimen. A particular 
area or spot of a specimen is selected for EDAX analysis. 



Fig. 3.6. Schematic diagram of the EDAX phenomenon. 
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The X-rays emitted from the selected area are analyzed through 
energy dispersive spectrometer for different energies. When an X-ray 
photon strikes the lithium-drifted silicon detector it generates 
photoelectrons. This causes an electron hole pair in the reverse biased 
diode and is converted to voltage pulse by a charge sensing amplifier. The 
pulse is then analyzed through a multichannel analyzer and is sent to the 
computer. The software then displays the peak after identification and 
quantifications. 

3.5.5b. Sample Preparation 

Powder samples of nanoparticles are studied by FESEM. The surface 
of the samples has been stubbed using the double-side adhesive carbon 
tape. Samples are coated with the help of good coater (HITACHI S-4700 
with resolution 3.5 nm) and deposited with thin layer gold (heavy metal) 
on the sample. The specimen is now ready for SEM+EDAX observation. 

3.5.5c. Instrument Details 

The morphological studies of the products were recorded from 
Sastra University, Thanjavur, Tamil Nadu, India, using JSM-6701E field 
emission scanning electron microscope and EESEM instrument model 
number ZEISS SUPRA 40 VP SEM from Sathyabama University, Chennai, 
Tamil Nadu, India. Also the EDAX analysis was done from the same 
instrument respectively. 

3.5.6. Field Emission-Transmission Electron Microscope (FETEM) 

The principle of operation of transmission electron microscope is 
the same as that of the optical microscope, but here a beam of electrons is 
used instead of light. Electron microscope has a very high resolution than 
the optical microscope, because of the very short wave length of electrons. 
Resolution of a microscope is different from the magnification in a sense 
that it the beam property, while magnification corresponds to the power 
of lens. It is based on de Broglie’s hypothesis, which states that the 
wavelength is inversely proportional to momentum. Eor higher resolution 
the wavelength needs to be very short. Resolution is the power of 
microscope that enables an operator to see the fine details separately. The 
resolution of an optical microscope estimated from Abbe's equation, 

1 _ 0.62A 

^ “ 2n Sin 0 
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Where d is the separation between two different objects, n is the 
refractive index of the medium, A is the wavelength and 0 is the half angle 
of the cone of light from specimen plane accepted by the objective. 
Equation (3.4) can be extended for TEM using de Broglie’s hypothesis as, 

X= — 

mv 

Where, h is the Plank’s constant, m is the mass of an electron and v is the 
velocity of an electron. The schematic diagram of EETEM is shown in 
Fig- 3 - 7 - 

3.5.6a. Sample Preparation 

Samples for EETEM were prepared by making a clear dispersion of 
the nanocrystals in water and patting a drop of the solution on a carbon- 
coated copper grid. The solution was allowed to evaporate leaving behind 
the nanocrystals on the carbon grid. 




Fig. 3.7. Schematic diagram of transmission electron microscope 
(TEM) 
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3 .5-6 h.Instrument details 

The morphological studies of the products were recorded from 
Sastra University, Thanjavur, Tamil Nadu, India, using JSM-zrooF JEOI 
field emission transmission electron microscope (FETEM). 

3.5.7. Cyclic Voltammetry 

Voltammetric measurements are carried out using an 
electrochemical cell made up of three electrodes immersed in a solution 
containing the analytical and an excess of a nonreactive electrolyte called 
the supporting electrolyte. One of the three electrodes is the working 
electrode, which is typically made of platinum, gold, silver, glassy carbon, 
nickel, or palladium. The redox process occurs at this electrode. Its 
dimensions are kept small in order to enhance its tendency to become 
polarized. The second electrode is the reference electrode, which provides 
calibration for the applied potential. Examples of commonly used 
references are the normal hydrogen electrode, Ag/AgCl electrode, and 
calomel electrode (i.e., Hg/HgaCh). The third electrode is the counter 
electrode, which is often a platinum wire that simply serves to conduct 
electricity from the signal source through the solution to the other 
electrodes. An example of a voltammetry setup is shown in Fig.3.8. 
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Calomel 

reference 

eleclrode 


Counter 

electrode 

Vi/orking 

eiectifOiJe 


Fig. 3.8. Cyclic Voltammetry experiment setup 
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Note that in absence of any redox processes, the electrodes behave 
like capacitor plates, which polarize the ions in the solution. This results 
in a small, but measurable, capacitive current in the system. 

^.^.ja.Electrochemicalperformance investigation 

Electrochemical measurements were carried out in 0.2 M tetra butyl 
ammonium per chlorate aqueous electrolyte using a three electrode 
system. The NiO was employed as the working electrode (WE), a 
platinum wire counter electrode (CE), and an Ag/AgCl reference electrode 
(RE). Cyclic voltammetry (CV) measurements were performed within a 
potential range of - 0.6 to + 1.8 V versus Ag/AgCl at a scan rate from 10 to 
50 mV/s on the Versa STAT MC electrochemical workstation. 

The specific capacitance (Cs, Eg"^) was calculated from the cyclic 
voltammograms according to the following equation 
Cs = ^ (3.6) 


Where, Cs denotes the specific capacitance, Q represents the anodic and 
cathodic charges on each scanning, m is the mass of the electrode 
material (mg) and Av is the scan rate (mVs'^). 

3.5.7b. Instrument details 

The cyclic voltammetry curves of the samples were recorded with a 
VersaSTAT MC, which is available at Instrumentation Centre, St. 
Joseeph"s College, Tiruchirapalli, Tamilnadu, India. 

3.5.8. X-RAY Photoelectron Spectroscopy (XPS) 

XPS is a spectroscopic technique that is used to measure the 
elemental composition and chemical state of elements. The working 
principle of this technique is based on the principle of photoelectric 
effect. A material is irradiated by a beam of X-rays, which causes to eject a 
core electron from the sample atom. The energy of a core level electron is 
a function of its binding energy which is different for different elements 
and helps identify the elemental composition in a sample up to the depth 
of 1 to 10 nm. The binding energy of an atom depends upon the formal 
oxidation state and the chemical environment. The higher oxidation state 
of an atom will shift the photoemission peak towards a higher binding 
energy side because of the smaller ionic radii, which gives rise to a higher 
coulomb attraction between the nucleus and the surrounding electrons. 
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The binding energy of a photo emitted electron can be represented 
mathematically as, 

EB=hu-Ek.E-0 ^ (3.7) 

0=Ef-Ev ^(3-8) 

Where, Eb is the binding energy of a photoelectron, hu is the energy of the 
incident X-ray beam, E^e is the kinetic energy of the photo emitted 
electron and (J) is the work function of the spectrometer. The core level 
photoemission peak corresponding to certain element can be grouped 
into three categories. 

i) : the peak corresponding to the core level, 

ii) : the Augur transition and 

iii) : the valance level transition at low energies. 

The emission of photoelectron is shown schematically as in Eig.3.9. 


Vacuum 


1 ' 


V.: dnce Band 
Photoeli :tron ^ 


hv 


id 
3p 
3 s 


2p 


\ 


X/* ?• 

V ■ 

Is 




h.,i, 


L2 


LI 


Fig. 3.9.SCHEMATIC DIAGRAM OF THE PHOTOELECTRIC EFFECT 


The XPS system consists of a vacuum chamber with a sample stage, 
electron energy analyzer and X-ray source. The X-ray source used in this 
study is the AlKa. XPS is operated in ultra-high vacuum (UHV) of the 
order of 10 ® to 10 “ mbar to obtain high signal to noise ratio. Additionally 
a low vacuum also causes a monolayer deposition on the surface of the 
sample. The fact that XPS is a surface technique with a depth resolution of 
up to 10 nm for AlKa source clearly requires a UHV system. To 
characterize a sample through XPS the sample is first cleaned through Ar 
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ions sputtering to remove the adsorbents like amorphous carbon from the 
sample surface. After proper cleaning, the sample is further characterized 
in two steps. First a broad survey spectrum is taken and then the detected 
desired elements are characterized through the core level spectra. All the 
spectra are scanned from 30 to 50 times to improve the signal to noise 
ratio. After that the peaks are corrected with respect to the carbon peak at 
284.6 eV. The schematic diagram of XPS instrument is shown in Fig.3.10. 



Fig. 3.10. XPS INSTRUMENT SETUP 
3.5.8a. Sample Preparation 


Approximately 50 mm x 50 mm squares of indium were pressed 
onto a metal slide. Around 10 pg of each synthesized sample powder was 
pressed down into the indium substrate and the excess powder was 
dusted off. The slide was then placed into the sample chamber. 


3.5.8b. Instrument details 


The elemental composition and chemical state of elements of the 
products were recorded from Sastra University, Thanjavur, Tamil Nadu, 
India, using ESCLAB MKll, Thermo Fisher Scientific Inc., K-Alpha, USA. 
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CHAPTER - IV 


Preparation and Characterization of Nickel Ferrite Nano Particles 
by Co-Precipitation Method with Citrate as Chelating Agent 

4.1. Introduction 

The materials in nanoscale range are of great importance in the 
areas of both fundamental and advanced research because of their 
outstanding physical and chemical applications. In which ferrite 
nanoparticles have found major attention because of their excellent 
electrical, magnetic, microwave devices, drug delivery systems and gas 
sensors [Han et al, (1996); Goldman et al, (2006); Pileni, (2oor); 
Maqusood ahameda et al, (2orr)]. In recent days energy shortages 
increase several fold resulting in the need for suitable storage materials to 
fulfil future requirement. To overcome this supercapacitors found major 
attraction for the researchers. Supercapacitor are being used well in 
various electrical devices such as electrical vehicles, backup power 
systems, electronic equipment’s etc., because of their unique energy 
storing capacity [Kotz and Carlen, (2000); Liu, (2007); Xu et al, (2010); 
Toupins et al, (2005); Saliger et al., (1998); Liu et al., (2010); Lao et al., 
(2006); Xu et al., (2008)]. Nickel ferrite is very attractive in recent research 
works because of its higher electromagnetic performance, excellent 
chemical stability, mechanical hardness, high coercivity, and moderate 
saturation magnetization [Fan et al., (2009); Godman et al, (1995)]. 
NiFe204 is an inverse spinal ferrite and it can be described as cubic, closely 
packed arrangement of oxygen atoms with Ni^"" and Fe^"" ions locating in 
octahedral and tetrahedral sites respectively [Kooti and Afshari (2013)]. 
NiFe204 nanoparticles can be synthesized by different wet chemical 
methods, such as co-precipitation [Joshi et al, (2014)], hydrothermal 
[Nejati and Zabihi, (2or2)], sol gel [Penchalreddy et al., (2or4)], micro¬ 
emulsion [Zaki et al., (2or3)] spray pyrolysis [Deschanres et al., (r99o)], 
reverse micelles [Kale et al, (2004)] and sono-chemical technique 
[Kurikka et al, (r998)]. Apart from the above methods, co-precipitation 
method can produce ultrafme, high purity and crystalline nano particles 
in shortest duration [Niasari et al, (2009); Maaz et al, (2009); Ati et al, 
(2013)]. In this present work nickel ferrite nano particles has been 
synthesised and characterized of by using simple co-precipitation method 
along with citric acid as a chelating agent. 
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4 -2 . Results AND Discussion 


4.2.1. Thermo gravimetric and dieeerential thermal analysis 

To analyse the thermal behaviour of NiFe204 nanoparticles, 
TG/DTA curves has been recorded for the as-synthesized products in the 
temperature range of 35 °C to 850 °C were performed with an increment 
of 20 °C/min in the nitrogen atmosphere. Fig.4.1 depicts the TG/DT 
analysis of NiFe204 nanoparticles. 



Fig. 4.1. TG/DT ANALYSIS OE NiFe204 nano particles 


Three major weight losses have been observed from the TG analysis in the 
range from 35 °C to 850 °C. The first stage of weight loss is observed at a 
temperature below 77 °C is 2% due to desorption of water. The second 
weight loss is predicted in the range from 77 °C to 144 °C is 12% as a result 
of decomposition of organic templates. The final weight loss of 1% is 
observed between 144 °C and 362 °C due to crystallization of the final 
product. No weight loss is found beyond 362 °C indicating the formation 
of NiFe204 nano particles. Liu et al, (2013) have reported that no 
considerable weight loss has been noticed beyond 350 °C indicating the 
formation of pure NiFe204 nano particles.The DTA curve shows a broad 
endothermic peak at 129 °C due to dehydration. After dehydration, three 
stages of the decomposition of anhydrous precursor are observed i.e., 
evolution of CO occurs up to 228 °C resulting in the formation of the 
acetone di-carboxylate complex Ni3Fe604 (C5H606)8- The next stage 
resembles to the evolution of acetone, CO2 and it takes place up to 295 °C. 
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The residue at this step possibly has a structure related to the nickel 
ferrite with trapped CO2, Ni3Fe60i2 (C02)3. Similar result was reported by 
Nikolic et al., (2013) for the synthesis of nickel ferrite nanoparticles. 
Decomposition of the Ni3Fe60i2 (C02)3 up to 36o°C exposes the formation 
of the NiFe204. The exothermic peak at 357 °C in DTA curve 
corresponding to TGA curve at 362 °C confirms the formation NiFe204 
nanoparticles. Dongen Zhang et al., (2009) have reported that the pure 
nickel ferrite nano particles formed above 385 °C which is in line with our 
obtained result. 

4.2.2. Functional Group Analysis 

FTIR spectra of NiFe204 nanoparticles at 400 °C, 600 °C and 
800 °C were recorded in the range of 4000 cm'^ to 400 cm"^ and presented 
in the Fig.4.2. 



Fig.4.2. FTIR Spectra of NiFe204 nano particles calcinated at 
DIEEERENT TEMPERATURES 400 °C, 600 °C AND 800 °C 

There are two main broad metal-oxygen bands are seen mainly in 
the FTIR spectra of all spinels, and ferrites in particular. FTIR spectra have 
two absorption bands between the region 400-600 cm“\ which 
corresponds to the octahedral and tetrahedral sites of NiFe204, 
respectively [Gotic et al., (1998)]. In which the higher absorption band 
around 590 cm“^ corresponds to the stretching vibrations of tetrahedral 
complexes Fe-O and the lower absorption band around 410 cm“^ is 
attributed to the vibrations of octahedral groups Fe-O [Liu et al, (2013)]. 
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The different values of absorption position for octahedral and tetrahedral 
site of NiFe204 nanoparticles are due to the different values of Fe^"" to 0^“ 
distance for octahedral and tetrahedral sites [Haowen Liu et al., (2013)]. 
The absorption bands presented around 3400 cm"^ in all the samples could 
be due to the hydrogen bonded hydroxyl group. The other two bands 
occurring around 2960-2854 cm“^ are assigned to the anti-symmetric and 
symmetric CH2-vibrations of the carbon chains, respectively, and the 
absorption band at around 1464 cm“^ corresponds to the CHj-bending 
vibration [Manish Srivastava et al, (2009)]. 

4.2.3. Structural Analysis 

The XRD pattern of as-synthesized and calcinated NiFe204 
nanoparticles at 400 °C, 600 °C and 800 °C are shown in the Fig.4.3. 



20 30 40 50 60 70 80 

2 Theta (degree) 

Fig. 4.3. XRD Spectra of NiFe204 nano particles as-synthesized and 

CALCINATED AT DIEEERENT TEMPERATURES 

As-synthesized sample doesn’t show any peaks and indicate that 
calcination is necessary to stabilizing the particle size and preventing 
their agglomeration [Karaka? et al, (2015)]. The XRD pattern of all 
calcinated samples exhibit the reflections with hid values of (311), (222), 
(400), (440) and (511) planes indicate the cubic phase [NaCao et al, (2015)] 
with space group Fd3m [Joshi et al, (2014)]. The obtained XRD peaks are 
well matched with the standard characteristics peaks of the cubic spinel 
lattice of NiFe204 reported in JCPDS card no # 86-2267 [Jiang et al, 
(2008)]. The observed peaks in the present study clearly indicate the 
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formation of nickel ferrite nanoparticles without any impurities [Zhao et 
al, (2007)]. The peaks becoming sharper and narrower with increase in 
intensity has been observed with increasing calcination temperature from 
400 °C to 600 °C and 600 °C to 800 °C shows the improvement of 
crystallite size with heat treatment [Prabhakaran and Hemalatha (2014)]. 
The average particle size has been calculated using Debye Scherer’s 
formula and it is shown in table 5.The particle size increases with 
increasing temperatures are observed in the present study indicate the 
growth of the nickel ferrite nanoparticles. Similar conclusion was drawn 
by Zhang et al, (2012) for the preparation of nickel ferrite nanoparticles by 
solid state reaction. Lattice parameter “a” can be calculated by using the 
relation a= dhw (h^+k^+T)^^^ and it is shown in table 5. From XRD study in 
the present study suggest that NiFe204 nanoparticles calcinated at 600 °C 
is suitable for further analysis. 

Table 5: Particle size and lattice parameter oe NiFe204 nano 
PARTICLES 


TEMPERATURE(°C) 

Particle Size(nm) 

Lattice 

Parameter(a)A 

400 

16 

8.375 

600 

23 

8.377 

800 

31 

8.378 


The increase in trend for lattice constant with the increase of 
calcination temperature is found it may be due to some structural changes 
accompanied the formation of nickel ferrite. These changes may be owing 
to the rearrangement of the ions in the ferrite lattice (tetrahedral or 
octahedral sites). Hessien et al, (2013) have reported that the annealing 
temperature strongly affects the lattice parameter in which an increase in 
trend of lattice parameter is found with increase of temperature owing to 
rearrangement of the ions in the ferrite lattice (tetrahedral or octahedral 
sites) and this will directly influence the magnetic performance of the 
ferrite. 
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4.2.4. Field Emission Scanning Electron Microscope (FESEM) with 
EDAX 


The surface morphology and microstructures of the synthesized 
powder calcinated at 600 °C are thoroughly studied through FESEM 
analysis. The FESEM images of nickel ferrite are shown in Fig.4.4 (a) and 

(b). 



Eig. 4.4. (a), (b) EESEM image of NiEe204 nano particles calcinated at 
600 °C with DIEEERENT MAGNIEICATIONS AND (c) the CORRESPONDING 
EDAX 

FESEM image clearly shows nickel ferrite nanoparticles are of cubic 
shape with particle size ranges from 22 to 3onm. The elemental 
composition of nickel ferrite has been investigated with the help of EDAX 
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analysis. From the EDAX spectrum, numerous well defined peaks were 
predicted to Ni, Fe and O which clearly indicate that the synthesized 
particles as nickel ferrite. Karaka^ et al., (2015) have also reported a similar 
result regarding the nickel ferrite sample contains Fe, Ni and O elements 
only without any other impurities. No impurities are detected except the 
extra gold peak is shown in Fig.4.4 (c). The presence of gold peak is due to 
the thin coating on the sample surface to make it conducting, which is 
required to record the FESEM. 

4.2.5. Field Emission Transmission Electron Microscope (FETEM) 
WITH SAED 

The NiFe204 nanoparticles calcinated at 600 °C with different scale 
bar (5nm and lonm is shown in Fig.4.5 (a) and (b). 



Fig. 4.5. (a), (b) FETEM OE NiFe204 NANO particles calcinated at 600 
°C WITH DIEEERENT MAGNIEICATION also (c) CORRESPONDING SAED and 

(d) Particle size measured using image j viewer soetware 

The image reveals that the synthesized NiFe204 nanoparticles are 
cubic in shape with some agglomeration. Some degree of agglomeration 
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between nanoparticles is understood due to the nanoparticles calcinated 
at high temperature. The maximum particle size estimated from the 
micrograph is around 36 nm. The SAED pattern of the cubic shaped 
NiFe204 nanoparticles is shown in Fig.4.5 (c). All spots are identified as 
the diffractions from cubic NiFe204, which reveals the crystalline nature 
of NiFe204 nanostructure. The length of the individual selected particles is 
shown in Fig.4.5 (d) and graph 1 using the “Image J viewer software” 
[Foganathan et al, (2015)] and its average particle size of 23nm observed 
in FETEM analysis closely agree with the XRD result. Nejati and Zabihi 
(2012) have reported cubic-like morphology for nickel ferrite 
nanoparticles synthesized by hydrothermal method. 



Graph.i Average Particle size of NiFe 204 nanoparticles using 

IMAGE J VIEWER SOETWARE EROM FETEM 


4.2.6: Cyclic Voltammetry (CV) 

The CV curves of nickel ferrite nanoparticles of 600 °C at various 

scan rates such as 2, 3, 5,10, 20, 30, 50 and 100 mVs'Ms shown in Fig. 4.6 
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Fig. 4.6. (a) CV PATTERNS OE NiFe204NANO particles calcinated at 
600 °C EOR DIEEERENT SCAN RATES 
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The shape of the CV curves is an ideal rectangular shape observed at 
2 mVs'\ Further increasing the scan rate the observed pattern of the CV 
curve is altered and it confirms the pseudo-capacitive nature of the 
material. The specific capacitances (SC) values of NiFe204 electrode can 
be calculated by using the formula [Sathishkumar et al., (2015)]. 

Cs = —^ 

Av.m 

Where, Cs is the specific capacitance, Q the anodic and cathodic charges 
on each scanning, m is the mass of the electrode material (mg) and Av is 
the scan rate (mVs'^). Electrochemical measurements was carried out in 
0.2 M tetra butyl ammonium perchlorate with a standard three electrode 
configuration consisting of a sample (working electrode), an Ag/AgCl 
(reference electrode) and a high platinum wire (counter electrode) [34]. 
The scan rate increased in the range from 2 mVs'^ to 100 mVs'^ and its 
corresponding specific capacitance value depicted in Fig.4.6 (b) and table 
6 . 



Fig. 4.6. (b) Different Scan rate and their Specific Capacitance values 
Table 6: The specific capacitance of the NiFe204 nano particles 

CALCINATED AT 600 °C VS DIFFERENT SCAN RATES 


Different 


rate 

NiFe204(6oo°C) 

(mVs‘^) 

(Fg‘) 
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2 

421 

3 

387 

5 

298 

10 

223 

20 

192 

30 

123 

50 

76 

100 

26 


Lower specific capacitance values observed for higher scan rates 
indicate that the ionic diffusion takes place only for outer surfaces 
whereas at low scan rate the ionic diffusion takes place both inner and 
outer surfaces [Shahid Anwar et ah, (2011)]. The capacitance value 42iFg'^ 
observed at the scan rate 2 mVs'^ for the sample calcinated at 600 °C. This 
result is very much higher than the previously reported value of 251 Fg"^by 
Pintu Sen et al, 2010 for nickel ferrite sample calcinated 400 °C at the scan 
rate 2 mVs'\ The higher specific capacitance value observed at 600 °C in 
the present study closely well connection with the good crystallinity of the 
NiFe204 nano particles at 600 °C by XRD analysis and it may be used for 
supercapacitor applications. 

4.2.7. Dynamic light scattering (DLS) and zeta potential 

Dynamic light scattering (DLS) is a technique that can be used to 
determine the size (hydro-dynamic diameter) distribution profile of 
small particles in suspension or polymers in solution [Gopalakrishnan et 
al, (2015)]. In the scope of DLS, temporal fluctuations are usually 
examined by means of the intensity or photon auto-correlation function 
(also known as photon correlation spectroscopy or quasi-elastic light 
scattering). Size distribution of the NiFe204nanoparticles calcinated at 
600 °C of pH 8 is shown in Fig.4.7 (a). The Z-average value for the NiFe204 
nano particle is 205.9 rini. This greater size is due to insolubility and 
aggregation of the sample in water. Fig.4.7 (b) shows the zeta potential of 
NiFe204nanoparticles calcinated at 600 °C. 
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Fig. 4.7 (a) Zeta sizer and (b) zeta potential oe NiFe204NANO particles 

CALCINATED AT 600 °C 

The stability of the NiFe204 nanoparticles is determined using a 
zeta potentiometer. The magnitude of the zeta potential gives an 
indication of the potential stability and surface charge of the synthesized 
NiFe204 nanoparticles. The result of the Zeta potential and Zeta deviation 
are -36.1 mV and 8.32 mV respectively and it reveals the good stability of 
synthesized NiFe204nanoparticles. The obtained zeta potential is higher 
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than the previously reported value of -30 mV by Bhosale et ah, (2015) 
observed for nickel ferrite nanoparticles. 

4.2.8. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive 
assessable spectroscopic technique that processes the elemental 
composition at the electronic state of the elements that exist within a 
material. XPS spectra are attained by irradiating a material with a beam 
of rays while simultaneously determining the kinetic energy and number 
of electrons that escape from the top o to 10 nm of the material being 
studied. Generally in transition metal compounds there exist multiple 
oxidation states simultaneously [Biesinger et ah, (2009)]. Fig.4.8 (a) 
depicts the Fe2p peak fixed around 708.3 eV resembles to Fe^"". 



Fig. 4. 8. (a) XPS SPECTRA OE FE EOR NiFe204NANO particles calcinated 

AT 600 °C 

The peak around 709.8 and 711.9 eV are fixed to Fe^"" at octahedral 
and tetrahedral sites respectively.In addition a satellite peak observed at a 
binding energy of around 715.8 eV [Tudorache et a/., (2013)]. Fig.4.8 (b) 
illustrates the XPS spectra of Ni 2p region of nickel. 
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Fig. 4. 8. (b) XPS SPECTRA Nl FOR NiFe 204 NANO PARTICLES CALCINATED AT 

600 °C 

The spectra contain a main binding energy peak at 853.7 eV and a 
shoulder at 854.4 eV assigned to Ni^"" and NT"" respectively. Also a satellite 
peak was obtained around 859.4 eV [Mcintyre et ah, (1997)]. 



Fig. 4. 8. (c) XPS SPECTRA OF O FOR NiFe 204 NANO PARTICLES CALCINATED 

AT 600 °C 

Fig.4.8(c) shows the Ois photo electron spectra of the sample, the 
dominant photoelectron peak around at 529.1 eV is the influence from the 
crystal lattice Oxide ion (O^ ), while the shoulder signifies non¬ 
stoichiometry which results due to photoelectron ejected from oxide ion 
in the vicinity of such defects and suffers from excess loss in kinetic 
energy resulting in higher binding energy [Tan et a/., (1991)]. Besides, the 
higher binding energy peak at 531.5 eV may be attributed to surface 
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defects or chemisorbed oxygen species (-OH) [Carley et al, (1983)]. From 
the XPS analysis it may conclude that the NiFeaO^ nanoparticles have exist 
in multiple oxidation states. 

4.3. Conclusion 

Nanosized NiFe204 materials were prepared by a simple high 
yielding and low-cost co-precipitation method. Structural, compositional 
and capacitive behaviour of the synthesized products were well studied. 
XRD study reveals the resultant product was NiFe204 nanoparticles and 
the particle size varied with the calcinated temperature. No weight loss 
was noticed from 362 °C in TGA and exothermic peak at 357 °C in DTA 
study confirmed the formation of NiFe204. FTIR analysis confirmed that 
the synthesized sample as NiFe204 nanoparticles. FESEM and EETEM 
images reveal that the particles were in cubic shape. EDAX confirmed the 
elemental composition of NiEe204 nanoparticles were Ee, Ni and O. The 
particle size observed from EETEM analysis agrees well with the particle 
size calculated from XRD. The zeta potential value revealed that the 
synthesized nickel ferrite nano particles have good stability. Erom CV 
study, higher capacitance value of 421 Eg'^ was observed for NiEe204 
nanoparticles calcinated at 600 °C suggested for super capacitance 
application. The XPS analysis confirmed the synthesized NiEe204 
nanoparticles have exist in multiple oxidation states. 
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CHAPTER -V 


Preparation and Characterization of nanosized cobalt ferrite 
particles by co-precipitation method with citrate as chelating agent 

5.1. Introduction 

In recent years, synthesizing nanosized materials is an attractive 
and challenging area of research for industrial applications. All the 
applications need energy to process the input and achieve a desired 
output. On the other hand storing this energy is always a big challenge. 
To overcome this problem electrochemical energy storage systems is an 
appropriate one i.e., batteries, supercapacitors etc. The batteries 
distribute high energy density and low power density whereas, 
conventional capacitors deliver high power density and low energy 
density. Supercapacitor is main attraction because it can afford high- 
power density, high-rate capability, and long cycle life [Chen, et ah, (2015); 
Lavela and Tirado, (2007)]. These supercapacitors have abundant 
potential applications such as power electronics, electric vehicles, 
computer backup and sensor etc., [Prasad and Miura, (2004)]. For which 
ferrite based supercapacitor found much attention in researchers. Among 
which cobalt ferrite plays a vital role in the area of supercapacitors 
[Kumbhar et al, (2012)]. Cobalt ferrite not only having super capacitance 
application besides it is having a number of applications like microwave 
devices [Shanmugavani et a/., (2015)], recording media [Cedeno-Mattei et 
a/., (2008)], magnetic fluids [Moumen and Pileni, (1996)], gas sensors 
[Sathitwitayakul et al, (2012)] and catalysts [Kooti et al, (2012)]. CoFe204 
nanoparticles can be easily synthesized by various chemical methods, 
such as co-precipitation [Surendra et al, (2011)], hydrothermal [Allaedini 
et al, (2015)], sol gel [Sajjia et al, (2014)], micro-emulsion [Katalin Sinko 
et al, (2012)] spray pyrolysis [Patrushera et al, (2014)], reverse micelles 
[Ibrahim Sharifi et al, (2012)] and sono-chemical technique [Shafi et al, 
(1998)]. Co-precipitation method has the advantage of producing 
ultrafme, high purity and crystalline nano particles in shortest duration 
than other methods [Liu et al, (2008); Kima et al, (2003)]. In the present 
work an attempt is made to synthesis and characterization of cobalt 
ferrite nano particles by using simple co-precipitation method along with 
citric acid as a chelating agent. 
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5-2. Results AND Discussion 

5.2.1. Thermo gravimetric and dieeerential thermal analysis 

To analyse the thermal behaviour of CoFe204 nanoparticles, 
TG/DTA curves has been recorded for the as-synthesized products in the 
temperature range of 35 °C to 850 °C were performed with an increment 
of 20 °C/min in the nitrogen atmosphere. Fig.5.1 depicts the TGA and DTA 
curves of as-synthesized CoFe204 nanoparticles. 



Fig. 5.1. TGA/DTA ANALYSIS OE CoFe204NANO particles 

From the TG analysis it has been observed three major weight losses 
in the range from 35 °C to 850 °C. The first stage of weight loss of 2% is 
detected at a temperature less than 130 °C due to desorption of water. The 
second weight loss of 6% is predicted in the range starting from 130 °C to 
284 °C as a result of decomposition of organic templates. The final major 
weight loss 12% is observed between 284 °C and 432 °C due to 
crystallization of the final product. No weight loss is found beyond 432 °C 
representing the formation of pure CoFe204 nano particles. Velho-Pereira 
et al, (2015) have reported no weight loss was observed beyond 421 °C 
indicating the formation of pure cobalt ferrite nanoparticles. The DTA 
curve displays a small endothermic peak at 129 °C due to dehydration. The 
exothermic peak at 282 °C is attributed owing to the decomposition of 
nitrates and initiates the formation of cobalt ferrite crystallization 
[Salunldie et al, (2012)]. After dehydration, the anhydrous precursor 
experiences decomposition to yield cobalt ferrite. The endothermic peak 
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at 308 °C and 383 °C corresponds to the thorough decomposition of citrate 
precursor to form cobalt ferrite with the simultaneous evolution of CO, 
CO gas and acetone molecules formed. Similar result was clearly reported 
by Xiao et al, (2007) for the preparation of cobalt ferrite nanoparticles. 

5.2.2. Functional GROUP ANALYSIS 

The FTIR spectra were recorded in the range 400-4000 cm'\ The 
FTIR spectra of CoFe204 nanoparticles calcinated 400 °C, 600 °C and 800 
°C were presented in Fig.5.2. 



Wavenumbers cm 


Fig. 5.2. FTIR Spectra of CoFe204NANO particles calcinated at 

DIFFERENT TEMPERATURES 

Two strong absorption bands are observed around at 590 and 
around 422 cm'^ for all calcinated CoFejO^ samples. These two vibrations 
bands are correspond to the vibrations of octahedral and tetrahedral sites 
in the spinel structure, respectively [Gandhi et al, (2011); Qin et al, 
(2010)]. The existence of spinel ferrite, CoFe204 in a sample which had the 
structural properties of tetrahedron, attributed the high frequency band 
around 592 cm'^corresponds to the stretching vibrations of tetrahedral 
complexes Fe-O and octahedron is fall in low frequency regions around 
413 cm'^ attributed to the vibrations of octahedral groups Co-O [Tailhades 
et al, (1998); Deraz and Omar, (2014)]. The different frequency between 
the characteristic vibrations (vi and V2) may be attributed to the higher 
frequency of oxygen-metals ions in the octahedral sites and lower 
frequency of oxygen-metals ions in the tetrahedral sites. In addition a 
broad band around 3426 cm'" which is assigned to the stretching 
vibrations of (O-H) hydroxyl group. Srivastava et al, (2009) have also 
reported that the stretching vibrations of hydroxyl group will occur 
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around at 3430 cm'\ The other two bands occurring around 2923-2854 
cm”^ are assigned due to the anti-symmetric and symmetric CH2- 
vibrations [Li et ah, 2010; Cannas et aL, 2010] of the carbon chains, 
respectively, and the absorption band around 1464 cm“^ corresponds to 
the CH^-bending vibration [Watawe et al, (2015)]. 

5.2.3. Structural Analysis 

The XRD pattern of as-synthesized and calcinated CoFe204 
nanoparticles calcinated at 400 °C, 600 °C and 800 °C are shown in the 
Fig-5-3. 



2 Theta (degree) 

Fig. 5.3. XRD Spectra of CoFe204 nano particles as-synthesized and 
calcinated at different temperatures 

In which the as-synthesized sample doesn’t show any peaks it 
specifies that calcination is necessary to stabilizing the particle size and 
formation of nanoparticles. X-ray Diffraction pattern of all the calcinated 
samples exhibited the reflection planes of (220), (311), (222), (400), (511) 
and (440) for their equivalent 20. The obtained XRD peaks are indexed 
well with the standard pattern for CoFe204 reported in JCPDS card no # 
22-1086 [Yang et al, (2005)]. The obtained peaks in the present study 
confirm the formation of cobalt ferrite nanoparticles without any 
impurities and it has a cubic, spinel type lattice of space group Fd3m 
[Surendra et al, (2011)]. By using the relation a= dhu (h^+k^+ the 

lattice parameter “a” has been found and it is shown if table 7. The 
obtained XRD pattern in the present study suggest that 600 °C is suitable 
for further analysis. 
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Temperature (°C) 

Particle Size (nm) 

Lattice 

Parameter(a)A 

400 

14 

8.389 

600 

29 

8.390 

800 

42 

8.397 


The lattice parameter has been found increase with the increase of 
calcination temperature which may be attributed to the fact that on 
increasing the calcination temperature, a certain number of Co^"" ions 
migrate from octahedral to the tetrahedral sites, accompanied by opposite 
transfer of equivalent number of Fe^"" ions from tetrahedral to octahedral 
sites in order to relax the compressive strain. The result observed in the 
present study is close agreement with Rao et ah, (2015) for the preparation 
of ultra-fine cobalt ferrite nanoparticles. As the calcination temperature 
increases with increase in intensity of peaks and peak width has been 
detected in the present study representing the enhancement of crystallite 
size. By using Debye Scherer’s formula the average particle size has been 
calculated [Houshiar et a/., (2014)]. The increase in trend for the particle 
size from 400 °C to 800 °C (table 7), has been obtained in the present 
study discloses the linear relation between particle growth and 
calcination. Huixian et ah, (2014) have reported to increase the particle 
size with the calcination temperatures are observed in the order of 19.7, 
26.6, 29.3 nm at 600 °C, 800 °C and 1000 °C respectively. In addition the 
present work reveals that the synthesized product yield good particle 
growth than the earlier reported one. 

5.2.4. Field Emission Scanning Electron Microscope (FESEM) with 
EDAX 

Field emission scanning electron microscopy (FESEM) provides 
topographical and elemental information at higher magnification, with 
virtually unlimited depth of field. The EESEM images of cobalt ferrite are 
shown in Fig.5.4 (a), (b) and (c). 
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Fig. 5.4. (a), (b) and (c) FESEM image of CoFe204 nano particles 
calcinated at 600 °C with different magnifications Quantitative 
result (d) and (e) Corresponding EDAX 

Uniform distribution of nearly cubical particles is identified through 
field emission scanning electron microscope (FESEM) images with 
particle size range from 29 to 31 nm. Cojocariu et ah, (2012) have reported 
the cubic SEM morphology for cobalt ferrite nanoparticles. The chemical 
composition of the sample is shown in Fig.5.4 (d) and its corresponding 
EDAX is shown in Fig.5.4 (e). EDAX spectrum of cobalt ferrite samples 
suggesting that the synthesized products are composed of Co, O and Fe 
elements. Moreover, EDAX results confirmed the ratio of the transition 
metal atoms in each material according to the nominal stoichiometry. The 
atomic ratio of Fe:Co for the entire calcinated sample (Fig.5.4 (e)) is 
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maintained at ~ 2:1. These results revealed the sustained spinel structure 
of the CoFe204 crystal at calcination temperature. Similar result was 
reported by Pauline and Amdiya. (2011).The extra gold peak obtained in 
EDAX is due to the thin coating done on the sample to make the sample 
conducting, which is required to record the FESEM. 

5.2.5. Field Emission Transmission Electron Microscope (FETEM) 
with SAED 

The FETEM micrograph of cobalt ferrite nanoparticles calcinated at 
600 °C for different magnification is shown in Fig.5.5 (a), (b), (c) and (d). 
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Fig- 5-5- (a)> (b) (c) and (d) FETEM OF CoEe204 NANO particles 
CALCINATED AT 6oo °C WITH DIEEERENT MAGNIEICATION. (e)PARTICLE SIZE 
MEASURED USING IMAGE J VIEWER SOETWARE (f) CORRESPONDING SAED. 

From the FETEM micrograph, it can be seen the particles are nano 
sized and revealed it is in cubic shape. Daliya et al., 2007 have reported 
the cubic morphology TEM image for cobalt ferrite nanoparticles. Well 
crystalline nature of CoFe204 nanostructure was confirmed by SAED 
pattern and it is shown in Fig.5.5 (f). By using the “Image J viewer 
software” [Loganathan et al, (2015)] the length of the individual selected 
particles is found and it is shown in Fig.5.5 (6) ^^id graph 2. From the 
software it is obtained the average particle size of 29 nm which is closely 
agree well with the XRD result. 
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Graph.2 Average Particle size CoFe204 nanoparticles using image 

J VIEWER SOETWARE EROM FETEM 
5.2.6. Cyclic Voltammetry (CV) 

Cyclic voltammetry is the most widely used technique for acquiring 
quantitative information about electrochemical reactions. The power of 
cyclic voltammetry results from its ability to rapidly provide considerable 
information on the thermodynamics of redox processes and the kinetics 
of heterogeneous electron-transfer reactions, and on coupled chemical 
reactions or adsorption processes. In particular, it offers a rapid location 
of redox potentials of the electro-active species, and convenient 
evaluation of the effect of media upon the redox process [Warsi et ah, 
(2014)] The CV curve recorded at scan rate of 2, 3, 5, ro, 20, 30, 50 and roo 
mVs'^ for CoFe204 calcinated at 6oo°C electrode is shown in Fig.5.6 (a). 
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Fig. 5.6. (a) CV patterns of CoFe204nano particles calcinated at 
600 °C for different scan rates 

The shape of the CV curves is an ideal rectangular shape observed at 
2mVs'\ The change in CV pattern with increasing scan rate, observed in 
the present study confirms the pseudo-capacitive nature of the material. 
The specific capacitances (SC) values of CoFe204 electrode can be 
calculated using the formula [Sathishkumar et ah, (2015)]. 



Av.m 


Where, Cs indicates the specific capacitance, Q is the anodic and 
cathodic charges on each scanning, m points the mass of the electrode 
material (mg) and Av represents the scan rate (mVs'^). Normally three 
standard electrode configuration consisting of a sample (working 
electrode) an Ag/AgCl (reference electrode) and a high platinum wire 
which act as counter electrode was taken in 0.2 M tetra butyl ammonium 
perchlorate [Sathishkumar et al, (2015)]. As the scan rate increases in the 
range from 2 mVs'^ to 100 mVs'^ their corresponding specific capacitance 
value decreases with the increase of scan rates which are illustrated in 
Fig.5.6 (b) and table 8. 



1-1-1-1-1-1-1-1-1-1-1-1-1-r 
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Fig. 5.6. (b) Different Scan rate and their Specieic Capacitance values 
Table 8. The specieic capacitance oe the CoFe204 nano particles 

CALCINATED AT 400 °C, 600 °C and 800 °C EOR DIEEERENT SCAN RATES 


Scan Rates 

(mVs‘^) 

CoFe204 
(6oo°C) Fg^ 

2 

609 

3 

324 

5 

145 

10 

78 

20 

17 

30 

11 

50 

6 

100 

2 


A higher capacitance value of 609 Fg"^ for CoFe204 nano particles 
calcinated at 600 °C is noted in the present study. Kumbhar et al, 2012 
have reported a maximum specific capacitance value of 366 Fg"^ for cobalt 
ferrite nanoparticles with particle size of 34 nm sample annealed at 450 °C 
which is much lesser than the present study. Higher specific capacitance 
at low scan rate is observed in the present study, suggest that the ionic 
diffusion takes place in, both inner and outer surfaces, whereas lower 
specific capacitance values observed for higher scan rates indicate that the 
ionic diffusion takes place only for outer surfaces [Pang et a/., (2011)]. The 
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higher specific capacitance value observed in the present study confirms 
the good crystallinity of the CoFe204nano particles [Hao et ah, (2015)]. 

5.2.7: Dynamic light scattering (DLS) and Zeta Potential 


Dynamic Light Scattering is one of the most popular light scattering 
techniques which allows particle sizing down to 1 nm diameter. Typical 
applications are emulsions, micelles, polymers, proteins, nanoparticles or 
colloids. The sample is illuminated by a laser beam and the fluctuations of 
the scattered light are detected at a known scattering angle 0 by a fast 
photon detector. Simple DLS instruments that measure at a fixed angle 
can determine the mean particle size in a limited size range. More 
elaborated multi-angle instruments can determine the full particle size 
distribution. [Backes, et a/., (2015)]. Size distribution of the CoFe204 
nanoparticles calcinated at 600 °C of pH8 is shown in Fig.5.7 (a). The 
Z-average is found by using DLS zeta analyser as 296.6 nm. The greater 
size is due to insolubility and aggregation of the sample in water while 
analysing. Fig.5.7 (b) depicts the zeta potential of CoFe204 nanoparticles 
calcinated at 600 °C. 



Zeta Potential Distnbution 



Reconl 367: N 0326 A Zel^ 


Fig.5.7 (a) Zeta sizer and Fig. 5.7 (b) Zeta potntial of NiFe204nano 

particles calcinated at 600 °C 
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The stability of the CoFe204 nanoparticles is determined using a 
zeta potentiometer. The zeta potential is a key indicator of the stability of 
colloidal dispersions which gives the magnitude of potential stability and 
surface charge of the synthesized CoFe204 nanoparticles. The results of 
the zeta potential and zeta deviation are -38.4 mV and 5.96 mV 
respectively and they reveal the good stability of synthesized Co^e^O^ 
nanoparticles. Sasmita Mohapatra et ah, (zorr) have reported a stability 
range of -ry mV is very much lower value than the present work and 
confirmed that the prepared sample is more stable. 

5.2.8: X-ray photoelectron spectroscopy (XPS) 

The element composition can be quantified by use of X-ray 
photoelectron spectroscopy [Gaikwad et al, (2011)]. Fig.5.8 (a) depicts the 
Fezp peak fixed around 708.2 eV belongs to Fe^"". 



Fig.5.8.(a) XPS spectra of Fe for CoFe204nano particles calcinated at 

600 °C 

The peak around 709.1 and 711.9 eV are assigned to Fe^"" at 
octahedral and tetrahedral sites respectively. In addition to this a satellite 
line observable at a binding energy of around 716.7 eV 
[Nakagomi et al, (2007)]. Fig. 5.8 (b) illustrates the XPS spectra of the 
sample enclose peaks around 778.7 eV and 779.6 eV corresponding to Co^"" 
at octahedral and tetrahedral sites. 
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Fig. 5.8. (b) XPS SPECTRA OF Co FOR CoFe 204 NANO PARTICFES CAFCINATED 

AT 600 °C 

A shoulder around 781.8 eV which is assigned to Co^+ and a satellite 
peak has been detected around 786.7 eV. Fig.5.8 (c) shows the Ois photo 
electron spectra of the present sample, the prominent photoelectron peak 
around at 529.3 eV is the influence from the crystal lattice Oxide ion (O^ ), 
while the shoulder signifies non-stoichiometiy which results due to 
photoelectron emitted from oxide ion in the vicinity of such defects and 
suffers from excess loss in kinetic energy resulting in higher binding 
energy [Nowak and Laajalehto kari (2007)]. 



Fig. 5.8.(c) XPS spectra of O for CoFe204nano particles calcinated at 

600 °C 
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In addition, the higher binding energy peak at 531.6 eV may be 
attributed to surface defects or chemisorbed oxygen species (-OH) 
[Zhanget ah, (2011)]. From the XPS analysis it may conclude that the 
CoFe204 nanoparticles have existed in multiple oxidation states. 

5.3. Conclusion 

Cobalt ferrite nanoparticles were synthesized by co-precipitation 
method with citrate as chelating agent and it is further calcinated at 
various temperatures such as 400, 600 and 800 °C. XRD pattern 
confirmed that the prepared sample was nanosized cobalt ferrite 
nanoparticles. TG/DTA study exposed the mechanism of formation of 
CoFe204 nano particles. Functional groups have been identified with the 
FTIR analysis. FESEM and EETEM with SAED pattern confirm that the 
prepared sample was cubic in shape. EDAX showed that the sample 
contains only Co, Ee and O. Particle size was calculated from XRD by 
using Debye Scherer formula matched well with the particle size 
calculated from EETEM using the software “image j viewer”. DLS zeta 
potential exposed the well stability of the prepared CoEe204 nanoparticles. 
Higher capacitance value 609 Eg'" was observed for CoEe204 nano 
particles calcinated at 600 °C at the scanning rate of 2 mVs'" from the CV 
study which is suitable for super capacitance application. The XPS 
analysis confirmed that the synthesized CoPe204 nanoparticles have exist 
in multiple oxidation states. 
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CHAPTER-VI 


SYNTHESIS AND CHARACTERIZATION OE NICKEL COBALT 
EERRITE (Nii-xCoxEe204) NANO PARTICLES BY 
CO-PRECIPITATION METHOD WITH CITRATE AS CHELATING 

AGENT 


6 .1. INTRODUCTION 

The particles of size having in the range nano will exhibit unique 
chemical and physical properties [Wang et ah, (2006)]. Among which 
nanocomposite materials composed of nano-metric metal and metal oxide 
particles embedded in vitreous matrices reveal a variety of interesting 
magnetic, electric, catalytic properties etc. [Nejati et al, (2012); Mishra et 
al, (2006); Mandlimath and Gopal, (2011)]. In electric, supercapacitor 
plays a vital role because of the increase in demand for high power energy 
resources. Supercapacitors have attracted much attention owing to their 
fast charging, safety and long term cycle stability [Kotz and Carlen, 
(2000)]. Ferrite based nanoparticles continue to evoke interest owing to 
their extensive use in technological and industrial applications. Moreover, 
spinel ferrites are very much important group of materials due to their 
chemical, structural, mechanical and magnetic properties. Amongst all 
inverse spinel ferrites, the nickel substituted cobalt ferrite has been 
extensively studied in view of their better chemical and thermal stability, 
supercapacitor behavior, super-paramagnetism etc. There are several 
novel methods which are used to prepare ferrite nanoparticles, such as co- 
precipitation method [Derakhshi et a/., (2012)], microwave-assisted flash 
combustion technique [Krieble et a/., (2005)], solid state method [Zhao et 
al, (2006); Thakur et al, (2007)], sol-gel method [Kumar et al, (2009)], 
ball milling process [Pradhan et al, (2005)] and spray pyrolysis [Jung et 
al, (2009)]. Among which co-precipitation method has been chosen 
because it has advantage of producing ultra-fine, high purity and 
crystalline nano particles in minimum duration than other methods. 
Nickel substituted cobalt ferrite based supercapacitor is a new idea to 
overcome the energy deficiency.In addition the supercapacitor nature Nij. 
xCoxFe204 nanoparticles also have abundant applications such as gas 
sensors [Chen; et al, (2010)], recording media [Jung et al, (2009)], 
energystorage [Koseoglu et al, (2009)], ferro-fluids [Sousa et al, (2002)] 
and catalysts [Ramankutty and Sugunan, (2001)]. In the present work. 
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nickel cobalt ferrite nano particles have been attained through simple co¬ 
precipitation method along using citric acid as a chelating agent. 

6.2. Results and Discussion 

6.2.1. Thermo gravimetric and dieeerential thermal analysis 

In thermal analysis changes the physical and chemical properties of 
materials are measured as a function of increasing temperature (with 
constant heating rate), or as a function of time (with constant 
temperature and/or constant mass loss).To study the thermal behaviour 
of as-prepared Nii_xCoxFe204 nanoparticles, thermo gravimetric (TG) and 
differential thermal (DT) analysis were performed simultaneously in the 
temperature range of 35 °C to 850 °C. Fig.6.1 depicts the TGA and DTA 
curves of as-synthesized Nii_xCoxFe204 nanoparticles (x=o.5). 


200 400 600 800 



Fig. 6.1. TGA/DTA ANALYSIS OE Nii_xCoxFe 204 (x=o. 5 ) NANO particles 

Three major weight losses have been observed from the TG analysis 
in the range from 35 °C to 850 °C. The first stage of moderate weight loss 
11% is detected at a temperature below 120 °C due to desorption of water. 
The second stage of major weight loss 20% is observed in the range from 
120 °C to 265 °C as a result of decomposition of organic templates. The 
final stage of minimum weight loss 3% is found between 265 °C and 455 °C 
due to crystallization of the final product. Above 455 °C, there is no 
weight loss, representing that precursor generates a stable phase 
indicating the formation of Nii_xCoxFe204 nano particles. Hankare et al, 
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(2013) have reported no significant weight loss observed above 370 °C, 
indicating that precursor generates a stable phase. A peak atii9 °C in DTA 
curve shows an endothermic peak due to dehydration. The endothermic 
peak at 280 °C is recognized due to the decomposition of nitrates. The 
exothermic peak at 345 °C relates to the complete decomposition of 
citrate precursor to nickel cobalt ferrite with the simultaneous evolution 
of CO, CO gas and acetone molecules formed Ati et al, (2014) have 
reported that the exothermic and endothermic regions in the DTA pattern 
are consistent with the change regions in the TG pattern which confirms 
the formation of stable cobalt nickel ferrite after no weight loss in TGA. 

6.2.2. Functional group analysis 

In order to know the presence of functional groups in the prepared 
samples, FTIR spectra of Nf.xCoxFeaO^ (x = 0.3, 0.5, 0.7) nanoparticles 
calcinated at 400 °C, 600 °C and 800 °C were recorded in the range of 
4000-400 cm'Gs shown in Fig.6.2 (a),(b) and (c). 



Wavenumbers cm 
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Fig. 6.2. FTIR Spectra of (x = 0.3, 0.5, 0.7) nano particles 

CALCINATED AT DIFFERENT TEMPERATURES 400 °C, 600 °C AND 800 °C 

The FTIR spectrum has two main absorption bands around 410 
cm”^and 590 cm“\ which corresponds to the octahedral and tetrahedral 
sites of Nii_xCoxFe204 (x = 0.3, 0.5, 0.7) respectively. In which the higher 
absorption band around 590cm“" resembles to the intrinsic vibrations Fe- 
O of tetrahedral complexes and the lower absorption band around 410 
cm”^ is recognised to the vibrations (Ni-O and Co-O) of octahedral 
complexes [Singh et ah, (2014); Deraz and Omar, (2014) ]. The absorption 
bands presented around 3400 cm'^ in all the samples could be due to the 
hydrogen bonded hydroxyl group. The other two bands occurring around 
2970-2446 cm“^ are assigned to the anti-symmetric and symmetric CH2- 
vibrations respectively, and the absorption band around 1450 cm“^ 
corresponds to the CH2-bending vibration [Gonsalves et ah, (2012)]. 

6.2.3. Structural ANALYSIS 

By using the XRD patterns the phase identification of as-prepared 
and calcinated Nii_xCoxFe204 powder was carried out. Fig.6.3 (a), (b) and 
(c) depicts the X-ray diffractograms of Nii_xCoxFe204 where x = 0.3, 0.5 and 
0.7 samples at various temperatures 400 °C, 600 °C and 800 °C. Among 
them the as-synthesized sample does not show any peaks and it clearly 
stipulates that, calcinations is essential for the formation of Nii_xCoxFe204 
nanoparticles. 
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Fig. 6.3. XRD Spectra of Nii_xCoxFe204 (a),(b) and (c) (x = 0.3, 0.5 and 
0.7 respectively) nano particles as-synthesized and calcinated at 

DIFFERENT TEMPERATURES 

XRD pattern of the calcinated samples at various temperatures 
show the main diffraction planes of (220), (311), (222), (400), (511) and 
(440) with maximum intensity at (311) plane. The attained XRD peaks are 
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matched well with the standard pattern reported in JCPDS card no. 
742o8r for Nickel ferrites (NiFe204) and JCPDS card no. 791744 for the 
Cobalt ferrites (CoFe204) [Abdul Gaffoor et al, (2014)]. The detected 
peaks in the present study confirm the formation of nickel cobalt ferrite 
nanoparticles without any impurities agrees to the well-known structure 
of Nii_xCoxFe204 which has a cubic, spinel type lattice of space group Fd3m 
[Velhal et al, (2015)]. The average crystallite size has been found from the 
full-width at half-maximum (FWHM) for the prominent reflection peak 
(311) by applying the Scherrer equation [Cullity et al, (1978)]. 


Whereas, D represents the crystallite size, K (=0.9) is a constant related to 
the shape of the crystal, A is the incident wavelength of Cu-Ka radiation of 
the XRD, (3 specifies the peak width at mid-height and h is the considered 
angle in radians, and 0 is the Bragg diffraction angle. The average lattice 
parameter “a” has been calculated by using the formula a=dhki(h^+lC+T)^^^ 
[Salem et al, (2011)].The table 9 depicts that the particle size not only 
increases with the increase of calcination temperature from 400 °C to 600 
°C and 600 °C to 800 °C but also increases with the increase of cobalt 
content which is due to the ionic radii of cobalt is higher than that of 
nickel. Moreover a similar trend is found that lattice parameter not only 
increases with the increase of calcination temperature but also increases 
with the increase of cobalt content which is also shown in table 9. From 
the obtained XRD pattern in the present study suggest that the further 
analysis were carried out for nickel cobalt ferrite nanoparticles calcinated 
at 600 °C. 

Table 9: The average particle size using Debye Scherer’s eormula erom 
XRD Spectra oe Nii_xCoxFe204 (x = 0.3, 0.5 and 0.7) nano particles 

CALCINATED AT DIEEERENT TEMPERATURES 


Calcinated 

Temperature 

(»C) 

Nio 7 Coo. 3 Fe 204 

Nio 5 Coo 5 Fe 204 

Nio 3 Coo. 7 Fe 204 

Particle ^ 
size 

(nm) A 

Particle ^ 
size 

(nm) A 

Particle ^ 
size 

(nm) A 

400 °C 

21 8.381 

27 8.384 

34 8.386 

600 °C 

26 8.387 

31 8.390 

41 8.393 
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8oo °C 


40 


8.391 57 


8.396 66 


8.399 


The intensity of peaks and peak width has been detected in the 
present study representing the enhancement of crystallite size for the 
increase in calcination temperature [Umare et ah, (2008)]. Using Debye 
Scherer’s formula the particle size of (Nii_xCoxFe204; x = 0.3, 0.5, 0.7) is 
exposed in table 9, which reveals the linear relation between particle 
growth and calcination. Also from the table it is able to note that the 
particle size gradually increases with the increase of cobalt concentration. 
This may due to the ionic radii of cobalt is higher than that of nickel ion, 
while replacing nickel ions and incorporating the cobalt ions in the nickel 
ferrite lattice will promote the increase of particle size, de Freitas et al, 
(2016) have reported the increase of particle size with the increase of 
cobalt concentration for NixCoi_xFe204 (x=i, 0.75, 0.5, 0.25 and o) as 38.0 
nm, 41.4 nm, 42.7 nm, 48.4 nm and 49.0 nm respectively. 

6.2.4. Field Emission Scanning Electron Microscope (EESEM) with 
EDAX 

FESEM visualize very small topographic details of the sample on the 
surface or entire or fractioned objects. It can able to provide topographical 
and elemental information at magnifications of lox to 300,ooox, with 
virtually unlimited depth of field.Fig.6.4 (a) to (o) depicts the FESEM 
images of 600 °C calcinated Nii_xCoxFe204 (x = 0.3, 0.5, 0.7). Fig.6.4 (b), 

(c) corresponds to the FESEM images with various magnification of 
Nio.7Coo.3Fe204 also Fig.6.4 (g). (h) belongs to the FESEM images with 

various magnification of Nio.5Coo.5Fe204 and Fig.6.4(k), ( 1 ), (m) relates to 
the FESEM images with various magnification of Nio.3Coo.7Fe204. 
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Fig. 6.4. (a), (b), (c) FESEM image of Nii_xCoxFe204 (x = 0.3) NANO 
PARTICLES CALCINATED AT 600 °C WITH DIFFERENT MAGNIFICATIONS ALSO (d) 
QUANTITATIVE RESULTS AND (e) CORRESPONDING EDAX 
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Fig. 6.4. (f), (g), (h) FESEM image of Nii_xCoxFe204 (x = 0.5) nano 
PARTICLES CALCINATED AT 600 °C WITH DIFFERENT MAGNIFICATIONS 
ALSO (i) QUANTITATIVE RESULTS AND (j) CORRESPONDING EDAX 



94 































Spectrum 28 



( 0 ) 


JH 




I • • ' ' I ' ' • ' I ' ' • ' I ' ' ' ' I ' ' ' ' 1 ' ' 

D 1 2 3 4 5 

Full Scale 1302 cts Cursor: 3.213 (16 cts) 

' ' I • ' ' ' 1 • • ' ' I • • 

6 7 8 

9 10 11 12 13 14 15 16 

keV 


Fig. 6.4. (k), ( 1 ), (m) FESEM IMAGE OF Nii_xCoxFe204 (x = 0.7) 
NANO PARTICLES CALCINATED AT 600 °C WITH DIFFERENT 
MAGNIFICATIONS ALSO (n) QUANTITATIVE RESULTS AND (o) 

Corresponding EDAX. 


From all different concentrations (x = 0.3, 0.5, 0.7) it is clearly 
detected that the particles are uniformly distributed of nearly cubical 
particles [Maaz et ah, (2009)]. Also the Fig.6.4 (d), (i), (n) represents the 
chemical composition of the sample it discloses the percentage of the 
elements present in the sample. It reveals the increase of cobalt 
concentration as the value “x” gets increases from 0.3, 0.5 and 0.7. Also it 
clearly depicts that when the value of “x” increases the cobalt 
concentration also get increased whereas nickel concentration got 
decreased later it was confirmed by EDAX spectrum. The corresponding 
EDAX of Nii_xCoxFe204 (x = 0.3, 0.5, 0.7) is exposed in Eig.6.4 (e), (j) and 
(o) respectively. EDAX spectrum of Nii_xCoxFe204(x = 0.3, 0.5, 0.7) samples 
suggesting that the synthesized products are composed of Co, Ni, O and 
Ee elements. Moreover, EDAX results confirmed the ratio of the transition 
metal atoms in each material according to the nominal stoichiometry. 
Singh et al, (2014) have also reported that synthesized nickel cobalt ferrite 
nanoparticles contains only Co, Ni, Ee, O elements are in nominal 
stoichiometry. The extra gold peak achieved in EDAX is owing to the thin 
coating which is done on the sample before examining for maldng the 
sample into conducting one, which is essential to analysis the EESEM. 
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6 .2.5 . Field Emission Transmission Electron Microscope (FETEM) 
WITH SAED 




Fig.6.5. (a), (b), (c), (d) FETEM image oe Nii-xCoxFe204 (x = 0.5) 
NANOPARTICLES CALCINATED AT 6oo °C WITH DIEEERENT MAGNIEICATIONS 
also (e) PARTICLE SIZE USING IMAGE J VIEWER SOETWARE AND (f) 

Corresponding SAED pattern 
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The particles are nano sized and it is in cubic shape denoted in 
FESEM is confirmed from EETEM micrograph. SAED pattern shown in 
Eig.6.5 (f) confirmed that the synthesized Nii_xCoxFe204(x = 0.5) 
nanoparticles are well crystalline nature. Erom “Image J viewer software” 
[Loganathan et ai, (2015)] it has been able to find the length of the 
individual selected particles which is shown in Fig.6.5 (e) and graph 3. 
Erom this software it is able to achieve the average particle size 31 nm 
which is closely satisfied with the XRD result. 



Selected Particles 

Graph 3: Average Particle size Nio.5Coo.5Fe204 nanoparticles using 

IMAGE J VIEWER SOETWARE EROM FETEM 

6.2.6. Cyclic Voltammetry (CV) 

The cyclic voltammetry study for Nii_xCoxFe204 (x = 0.3, 0.5, 
0.7) calcinated at 600 °C electrode is carried out and it is recorded at 
different scan rates 2, 3, 5, 10, 20, 30, 50 and 100 mVs'^ is shown in Eig.6.6 
(a) to (c). 
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Fig. 6.6.CV PATTERN OF (d), (e) AND (f) (x = 0.3, 0.5 AND 0.7 

respectively) nano particles calcinated at 600 °C 
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Ideal rectangular shape is observed in the CV sure for 2 mVs'\ The 
pseudo-capacitive nature is confirmed for the Nii_xCoxFe204 
(x = 0.3, 0.5, 0.7) nanoparticles calcinated at 600 °C as the CV pattern 
changes with increasing scan rate. The specific capacitances (SC) values of 
our desired synthesized material nickel cobalt ferrite electrode can be 
calculated using the relation 
[Sathishkumar et al, (2015)]. 



Av.m 


Whereas, Cs is the specific capacitance, Q signifies the anodic and 
cathodic charges on each scanning, m specifies the mass of the electrode 
material (mg) and Av means the scan rate (mVs'^) have been fixed in 
examining. Tetra butyl ammonium perchlorate 0.2 M with a standard 
three electrode configuration consisting of a sample (working electrode), 
an Ag/AgCl (reference electrode) and a high platinum wire (counter 
electrode) is taken during electrochemical measurements [Sathishkumar 
et al, (2015)]. Different scan rate stating from 2 mVs'^ to 100 mVs'^ is done 
and their equivalent specific capacitance value decreased as the scan rate 
increases which is illustrated in Fig.6.7 (a) to (c) and table 10. 
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Fig. 6.7. (a-c) The specific capacitance of the (x = 0.3, 0.5 

and 0.7 respectively) nanoparticles calcinated at 600 °C Vs different 

SCAN RATES 

Table 10: The specific capacitance of the Nii_xCoxFe204 
(x = 0.3, 0.5 and 0.7 respectively) nanoparticles calcinated at 600 °C 

FOR DIFFERENT SCAN RATES 


Different 

rate 

scan Nio.7Coo.3Fe204 
(6oo°C) 

Nio.5Coo.5Fe204 

(6oo°C) 

Nio.3Coo.7Fe204 

(6oo°C) 

2 

782 

865 

812 

3 

435 

543 

464 

5 

262 

314 

305 

10 

175 

270 

258 

20 

137 

182 

165 

30 

119 

170 

130 

50 

27 

53 

32 

100 

12 

28 

24 


A higher capacitance value of 865 Fg"^ is recorded for Nio.5Coo.5Fe204 
(calcinated at 600 °C) nanoparticles than Nii_xCoxFe204 (x = 0.3 and 0.7) 
nanoparticles. The present study reveals that optimum temperature as 
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6oo °C as well as the better concentration as x=o.5 by exhibiting higher 
specific capacitance. Higher specific capacitance value at low scan rate has 
been detected in the present study i.e., 2 mVs'^ propose that the ionic 
diffusion takes place in, both inner and outer surfaces depict lower 
specific capacitance values detected for higher scan rates specify that the 
ionic diffusion takes place only for outer surfaces [SuhCem Pang et ah, 
(2011)]. The greater specific capacitance value detected in the present 
study confirms the better crystallinity of the Nio.5Coo.5Fe204 nano 
particles. Bhujun et ah, (2016) have reported a maximum specific 
capacitance of 221 Fg'" at 5 mVs'^ scan rate for the sample 
Nio.3Coo.5Fe204having particle size 17 nm. This shows the specific 
capacitance obtained in the present study is higher than the previously 
reported one and it helps to attain a better super capacitor. 

6.2.7. Dynamic light scattering (DLS) and Zeta Potential 

Particle size can be determined by measuring the random variations 
in the intensity of light scattered from a suspension or solution. This 
technique is usually known as dynamic light scattering (DLS), but is also 
called photon correlation spectroscopy (PCS) and quasi-elastic light 
scattering (QELS). Dynamic light scattering (DLS) it is based on the laser 
diffraction technique having several scattering method measures the 
hydro-dynamic diameter of the colloidal nanoparticles [Bojana mojic et 
al, (2012)]. Size distribution of the Nio.3Coo.5Fe204nanoparticles calcinated 
at 600 °C of pH 8 is exposed in Fig.6.8 (a). The Z-average is calculated by 
using DLS zeta analyser as 554.7 nm. This larger size is owing to 
insolubility and aggregation of the sample in water while examining. 
Fig.6.8 (b) illustrates the zeta potential of Nio.5Coo.5Fe204 nanoparticles 
calcinated at 600 °C. The stability of the Nio.3Coo.5Fe204 nanoparticles is 
found out by using a Zeta potentiometer. The magnitude of the zeta 
potential delivers a symptom of the potential stability and surface charge 
of the synthesized nickel cobalt ferrite nanoparticles. The results of zeta 
potential and zeta deviation are -36.8 mV and 7.65 mV respectively and 
they reveal the good stability of synthesized Nio.3Coo.5Fe204 nanoparticles. 
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Fig. 6.8. Zeta sizer and Zeta potential (a),(b) of Nio.5Coo.5Fe204NANO 

PARTICLES CALCINATED AT 6oo °C 

6 . 2 . 8 . X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

X-ray photoelectron spectroscopy (XPS) was helps to identify 
the oxidation states. In transition metal compounds usually there exist 
multiple oxidation states simultaneously [Joshi et al, (2016)]. 
Consequently, the corresponding XPS peaks are used to find the relative 
contribution of distinct oxidation state. Fig. 6.9(a) shows the Fe2p peak 
centred on 708.8 eV corresponds to Fe^"". 
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Fig. 6.9. (a) XPS SPECTRA OF FE for Nii_xCOxFe204 (x = 0.5) NANO particles 

CALCINATED AT 600 °C 

The peak around 709.1 and 711.3 eV are allotted to Fe^"" at octahedral 
and tetrahedral sites respectively. In addition a satellite peak noticeable at 
a binding energy of around 716.6 eV [Corneille et al, (1995)]. Fig. 6.9(b) 
illustrates the XPS spectra for Ni 2p region of nickel incorporated cobalt 
ferrite. 



Fig. 6.9. (b) XPS SPECTRA OF Ni FOR Nii.xCoxFe204 (x = 0.5) nanoparticles 

CALCINATED AT 600 °C 
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The spectra of both samples contain a foremost binding energy peak 
at 853.1 eV and a shoulder at 854.4 eV assigned to Ni^"" and 
respectively. Also a satellite peak was attained around 859.0 eV [Joshi et 
al, (2016)]. The XPS spectra of the sample have peaks around 778.1 eV and 
779.3 eV corresponding to Co^"" at octahedral and tetrahedral sites. A 
shoulder around 781.7 eV which is allotted to Co^"" and a satellite peak has 
been noticed around 785.1 eV which is shown in Fig.6.9(c) [Tudorachea et 
al, (2013)]. 



Fig. 6.9. (c) XPS SPECTRA OF Co FOR Nii_xCoxFe204 (x = 0.5) 
NANOPARTICFES CAFCINATED AT 600 °C 

The main O is peak centered at 528.9 eV, common for all samples, 
relates to 0 ^“ anions in the NiCoFe204 spinel crystal lattice. The second 
contribution, centred at 531.2 eV could be recognised to under¬ 
coordinated lattice oxygen, proposing structural defects [Joshi et al, 
(2016)] which is shown in Fig.6.9 (d). 
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Fig. 6.9. (d) XPS SPECTRA OF O FOR ^ (x = 0.5) NANOPARTICFES 

CAFCINATED AT 600 °C 

From the XPS analysis it may conclude that the synthesized nickel 
cobalt ferrite nanoparticles have exist in multiple oxidation states. 

6.3. CONCFUSION 

Nickel Cobalt ferrite (Nf.xCoxFe^O^; x = 0.3, 0.5, 0.7) were 
successfully synthesized and characterized by co-precipitation method 
with citrate as chelating agent further it was calcinated at different 
temperatures such as 400 °C, 600 °C and 800 °C. The synthesized sample 
was nanosized and well crystalline nickel cobalt ferrite nanoparticles were 
confirmed from XRD analysis. The functional groups present in the nickel 
cobalt ferrite nanoparticles was confirmed from the FTIR analysis. The 
mechanism of formation of Nii_xCoxFe204 nanoparticles were found 
through TG/DTA analysis also the essential of calcination was confirmed 
from this analysis. Cubic shape of the synthesized nanoparticles was 
identified by using both morphological studies FESEM and EETEM. EDAX 
analysis exposed the elemental composition (Ni, Co and Ee) which was in 
appropriate proportion in the synthesized compound. Particle size was 
calculated from XRD using Debye Scherer formula which matches well 
with the particle size calculated from EETEM by using “image j viewer” 
software. Higher capacitance value of 865 Eg'^ Ni^CogEeaO^ (600 °C) at 
lower scanning rate of 2 mVs'" gave a thorough idea regarding that the 
synthesized nanoparticles could be appropriate for super capacitance 
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application. From the XPS analysis it may conclude that the synthesized 
NiCoFe204 nanoparticles have existed in multiple oxidation states. 
Superior stability of the synthesized nickel cobalt ferrite nanoparticles 
was confirmed from DLS zeta potential analysis. 
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CHAPTER -VII 


SUMMARY AND CONCLUSION 

In the last few decades, the new term with prefix nano have 
consumed sufficient space into the scientific vocabulary. The greater 
interest of the researchers in nano objects is owing to the unusual physical 
and chemical properties of these objects, which are strongly influenced by 
the crystalline shape and size. In these nanoparticles, transition based 
metal ferrite composites are attractive for a variety of devices viz, 
capacitors, memory devices, gas sensors and biomedical diagnosis. 
Nowadays energy crisis is the major problem to overcome this several 
research work has been done by various researchers. In this content the 
present work is focused on electrochemical supercapacitors. 
Electrochemical supercapacitors are having combination of high power 
density and high energy density, where it can be used as a harmonizing 
energy-storage device beside with the primary source such as battery or 
an efficient fuel cell, for power enhancement in short pulse applications. 
For commercial application the supercapacitors have to fulfil the 
following requirements: high specific capacitance, long cycle life and high 
charge-discharge rate. Transition metal doped ferrite, characterized by 
cheaper cost, abundance and eco-friendly nature, have been extensively 
evaluated as active electrode material for electrochemical supercapacitors. 
Although an enhanced capacitance could be achieved through transition 
metal ferrite based composites. In the present work a facile simple co¬ 
precipitation method has been proposed to synthesize a composite to 
enhance the electrochemical performance. 

A composite of NiFe204 nano particles were synthesized by simple 
co-precipitation method. Thermo-gravimetric analysis confirms that pure 
NiFe204 will form above 362 °C only after the degradation of organic 
templates present in the sample. After calcination at respective 
temperatures, the synthesized NiFe204 nano particles were analyzed for 
structural and electrochemical behaviour. From the TG analysis no weight 
loss is found beyond 362°C indicating the formation of NiFe204 
nanoparticles.Further the synthesized products were calcinated to 400 °C, 
600 °C and 800 °C based on thermal analysis. The XRD analysis confirms 
the synthesized sample as NiFe204 nanoparticles are cubic spinel structure 
with Fd3m space group. The morphology of NiFe204 nano particles 
calcinated to 600 °C was analyzed by FESEM and confirmed by FETEM. 
The FETEM results of the product calcinated at 600 °C revealed the 
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presence of cubic morphology. EDAX spectrum confirmed that the 
sample contains only Ni, Fe and O without any other impurities. The FTIR 
analysis revealed the synthesized sample as nickel ferrite. The higher zeta 
potential value indicated that the synthesized nickel ferrite nano particles 
have good stability. The XPS analysis confirmed that the synthesized 
NiFe204 nanoparticles have exist in multiple oxidation states. The 
electrochemical behaviours of the products were analyzed by cyclic 
voltammetry. From CV study, higher capacitance value of 42iFg"^ at scan 
rate of 2 mVs'" was observed for NiFe204 nanoparticles calcinated at 600 
°C suggested for super capacitor application. 

Cobalt ferrite (CoFe204) nanoparticles was prepared by a facile 
novel co-precipitation method. Thermo-gravimetric analysis confirms 
that pure CoFe204 will form above 432 °C only after the degradation of 
organic templates present in the sample. The synthesized products were 
calcinated to 400 °C, 600 °C and 800 °C based on thermal analysis. From 
XRD analysis it is confirmed that the synthesized sample as CoFe204 
nanoparticles. The cubic morphology of CoFe204 nano particles calcinated 
to 600 °C was analyzed by FESEM and it was confirmed by FETEM 
analysis. EDAX analysis confirmed that the sample contains only Co, Fe 
and O without any other impurities. The FTIR confirmed the synthesized 
sample as cobalt ferrite. The zeta potential value exposed that the 
synthesized cobalt ferrite nano particles have better stability. The XPS 
analysis confirmed that the synthesized CoFe204 nanoparticles have exist 
in multiple oxidation states. The electrochemical behaviours of the 
products were analyzed by cyclic voltammetry. From this study a higher 
capacitance value of 609 Fg'" for CoFe204 nanoparticles calcinated at 600 
°C is may be used for super capacitor application. 

Finally, to improve the electrochemical performance some more 
extend an attempt has been done in preparing a composite involving 
nickel cobalt ferrite nanoparticles by co-precipitation method. Thermo- 
gravimetric analysis confirms that pure nickel cobalt ferrite will form 
above 455 °C only after the degradation of organic templates exist in the 
sample. Afterwards the synthesized products were calcinated to 400 °C, 
600 °C and 800 °C based on thermal study XRD analysis confirms the 
formation of pure nickel cobalt ferrite nanocomposite. In XRD analysis 
the particle size involving two component systems such as nickel ferrite 
and cobalt ferrite when comparing them the cobalt ferrite shows 
increased particle size than that of nickel ferrite. Same trend is noticed 
while increasing the cobalt content in the three component system nickel 
cobalt ferrite. This is due to the increase in ionic radii of cobalt is higher 
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than that of nickel. The cubic morphology of synthesized Nf.xCoxFeaO^ 
nano particles calcinated to 600 °C was identified using FESEM and 
confirmed by EETEM. Erom EDAX study it confirmed that the synthesized 
sample only contains Ni, Co, fe and O without any other impurities. The 
FTIR analysis confirmed the synthesized sample as nickel cobalt ferrite. 
The zeta potential value exposed that the synthesized nickel ferrite nano 
particles have good stability. The XPS analysis confirmed that the 
synthesized NiCoEe204 nano particles have exist in multiple oxidation 
states. The electrochemical behaviours of the products were analyzed by 
cyclic voltammetry, from CV study a higher capacitance value of 865 fg'^ 
is recorded for Nio.5Coo.5Fe204 nano particles which is greater than Nf. 
xCoxFe204 (x = 0.3 and 0.7) nanoparticles. 

The specific capacitance values are observed in the present study for 
600 °C is of the order Nife204 < CoFe204 < Nii_xCoxFe204. from which a 
composite involving three component system shows higher capacitance 
than that of two component system. In addition the nickel cobalt ferrite 
composite having concentration Nio.5Coo.5Fe204 depicts higher 
capacitance value than Nio.7Coo.3Fe204 and Nio.3Coo.7Fe204. Hence the 
three component composite having higher concentration Nio.5Coo.5Fe204 
is suitable for super capacitor application. 

FUTURE PLAN 

The methodology developed in the present study could be extended 
to other transition metals for making ferrite based nano composite to 
enhance their electrochemical performance. 
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